Synthesis of pendant polymers for organic electronics by Combe, Craig
1 
 
 
Synthesis of Pendant Polymers for 
Organic Electronics  
 
By Craig Combe 
 
 
 
 
 
 
 
 
 
 
 
 
 
A dissertation submitted in partial satisfaction of the requirements for the degree of 
Doctor of Philosophy 
in 
Chemistry 
at 
Imperial College London  
  
2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Except where specific reference is made to the work of others, this work is original and 
has not been submitted either wholly or in part to satisfy any degree requirements at this 
or any other University. 
 
 
 
 
Craig Combe 
The Copyright of this thesis rests with the author and no quotation from it or information 
derived from it may be published without the prior written consent of the author. 
Copyright © 2012 
All rights reserved.   
3 
 
i. Abstract 
 
The field of organic electronics is dominated by two different strategies; small molecules and 
conjugated back-bone polymers each with their own strengths and weaknesses.  Small 
molecules tend to have better electronic properties due to the ease with which they form 
crystals but are difficult to process on an industrial scale.  Conjugated back-bone polymers‟ 
physical properties are ideal for mass production via methods such as inkjet printing but their 
electronic properties are highly dependent on the polymer morphology which is difficult to 
reproduce effectively on an industrial scale.   
This project will attempt to combine both strategies by making pendant polymers using new 
and known, high performance small molecules attached to a flexible polymer backbone.  It is 
theorised that the small molecule pendants will interact to give the desired electronic 
properties, while the backbone will provide the physical properties required for simpler 
industrial manufacture.    
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iii. Abbreviations 
4T  Quaterthiophene  
AFM   Atomic Force Microscopy 
Ar   Aromatic 
BTBT  [1]Benzothieno[3,2-b][1]benzothiophene 
BG-BC   Bottom-gate, bottom-contact 
BG-TC   Bottom-gate, top-contact 
°C degrees  Celsius 
13
C{
1
H}  proton decoupled carbon 13 
calc.   calculated 
DCM   dichloromethane 
DFT   Density Functional Theory 
DMF   dimethylformamide 
DSC  Differential Scanning Calorimetry 
Eg   Band gap 
EI   Electron Ionization 
ESI   Electrospray Ionization 
EQE   External Quantum Efficiency 
eq.   equivalents 
eV   electron Volts 
Exp.   experimental 
GPC   Gel Permeation Chromatography 
H   hours 
hex   hexanes 
HOMO  Highest Occupied Molecular Orbital 
ID   drain current 
IDsat   drain current at saturation 
Ion/off   current on/off ratio 
J   coupling constant 
Jsc   short circuit current 
kDa   kilo Dalton 
L c  hannel length 
LUMO  Lowest Unoccupied Molecular Orbital 
Λ   wavelength 
min   minutes 
Mn  number averaged molecular weight 
mol   moles 
MOSFET  Metal Oxide Semiconductor 
Field Effect Transistor 
m. p.   melting point 
MS   mass spectrometry 
Mw  weight averaged molecular weight 
m/z   mass to charge 
n   neo 
NBS   n-bromosuccinimide 
NIR   Near Infra Red 
NMR   Nuclear Magnetic Resonance 
OFET   Orgainic Field Effect Transistor 
OLED   Organic Light Emitting Diode 
OPV   Organic Photovoltaic 
P   Power 
PDI   Polydispersity Index 
PPh3   triphenylphosphine 
ppm   parts per million 
Rf   retardation factor 
rpm   revolutions per minute 
sol.   solution 
T   thiophene 
t   tertiary 
Tc  crystallization transition temperature 
Tg   glass transition temperature 
TES  Triethylsilyl 
THF   tetrahydrofuran 
TIPS  Triisopropylsilyl  
TLC   Thin Layer Chromatography 
Tm   melting transition temperature 
TOF   Time of Flight 
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Tol   toluene 
UV-Vis   Ultra violet-Visible 
VD   drain voltage 
VG   gate voltage 
Voc   open circuit voltage 
Vth   threshold voltage 
W   channel width 
w/v   weight by volume 
w/w   weight by weight 
XRD   X-ray Diffraction 
μh   hole mobility 
μlin   linear mobility 
μsat   saturation mobility 
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1 – Introduction. 
1.1 – Objectives. 
 
Conjugated backbone polymers (CBPs) and small molecules are the two dominant strategies 
for development of organic field effect transistors, each with their strengths and weaknesses.  
The viscosity and surface tension of CBPs can be controlled and have narrow solvent 
orthogonality allowing processing via high throughput printing methods possible, greatly 
reducing the cost of manufacture compared to inorganic electronics [1].  Polymers are 
inherently flexible with small crystal grains, creating a more robust device with less need for 
expensive and heavy protection.   However, they typically do not perform as well as small 
molecule devices with inconsistent results between batches.  The large solubilising groups 
required for processing can be disruptive to π-stacking or encapsulate the polymer preventing 
charge transport.  The consistent high performance and high crystallinity of small molecule 
transistors make them excellent materials with regard to electrical performance, but their 
mechanical properties create drawbacks for manufacturing.  Their high crystallinity creates a 
brittle device requiring rigid support and protection; this is undesirable as flexibility is a 
feature of organic electronics.  Poor solvent orthogonality makes printing multiple organic 
layers of small molecules difficult due to the use solvents and diffusion between layers. 
 
This project will attempt to synthesise pendant polymers for use in organic field-effect 
transistors to attempt to combine the best properties of both strategies; highly crystalline, top 
performing, small molecules attached to a flexible polymer backbone providing the desirable 
mechanical properties.  The polymerisation reaction should take place in the presence of the 
electroactive pendant group and should not react with it to create unwanted side products.  A 
long flexible spacer between the polymer and pendant is desired to allow the pendant to 
crystallise without restriction from the polymer. A chain length of around ten carbons, typical 
for side-chain liquid crystal polymers (SCLCPs), is deemed sufficient for this project.  Ring 
opening metathesis polymerisation and grafting onto polysiloxane will be focused upon as 
they meet the criteria of this project.  Oligothiophenes and oligoacenes have been selected for 
the pendant groups due to their documented high performance and will be the subject of each 
chapter. 
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1.2 – Why Organic Electronics? 
 
The field of organic electronics is a rapidly developing area of research in the world of 
technology, transitioning from silicon-based semiconductors into organic materials with 
unique properties and benefits.  Organic electronic products have the potential to be thinner, 
lighter, more energy efficient, more robust and easier to manufacture [2] making them 
cheaper and more environmentally friendly [3] than conventional electronics. 
Electronic devices based on organic materials have recently made their entrance into the 
consumer market in the form of organic light emitting diodes (OLEDs) for flexible lighting, 
flat-screen displays and e-readers.  Other technologies, such as radio frequency identification 
labels (RFID), smart packaging photovoltaics and thermal-electrics show huge potential 
(Figure 1.1).  
 
 
Figure 1.1 – UDC‟s flexible OLED light, LG‟s 55 inch, 4 mm thick OLED TV, and Konarka‟s organic thin-film 
solar cell module respectively.  
 
The objective of this technology is to replace expensive, amorphous silicon (a-Si) with a 
cheap, mass producible, organic material that has equal, or better, semi-conductor properties 
in conjunction with their improved processability and novel device properties.  The unique 
properties and benefits which give organic electronics a technological edge are simpler 
fabrication methods and the ability to be flexible and stretchable.  Device fabrication can be 
done using relatively simple processes such as evaporation, spin-coating, and printing; with 
ink-jet printing able to deposit solution-processable organic thin films, quickly and cheaply, 
over large areas.    
The global market for organic electronics is over $9 billion in 2012, with forecasts predicting 
the market will be worth over $63 billion in ten years time [4], and the British government 
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has taken the initiative to help nurture the industry in the UK.  In 2008, the organic 
electronics industry was identified as a key area for economic growth for the country, with 
several UK companies and universities pioneering the technology.  The Engineering and 
Physical Sciences Research Council (EPSRC) invested £68 million into relevant academic 
institutes and the Technology Strategy Board provided £52 million in conjunction with 
business in over fifty industrial collaborative R&D projects [5], both assisting the creation of 
five Centres of Excellence, including at Imperial College London, to meet the industry‟s 
infrastructure needs.  
 
1.3 - Organic Semiconductor. 
 
A semiconductor is a material that has an electric conductivity between that of a conductor 
and an insulator.  For an electron to move freely within the material it must promote itself 
from the valance band to the conduction band.  In a conductor, such as a metal, the valance 
and conduction bands between molecules overlap so no additional energy is required for 
electrons to move.  If the valance and conduction bands do not overlap the distance between 
them is known as the band gap, (Eg) (Figure 1.2).  In a semiconductor, the band gap is small 
enough to be bridged when external energy, e.g. solar or electrical, is applied.  An insulator is 
a material in which the band gap is too large to be bridged preventing conduction [6]. 
 
 
Figure1.2 – Visualisation of band gap of different conducting material types. 
 
An organic semiconductor is a material that is mainly comprised of carbon atoms where 
electrons move through conjugated π-orbitals.  In such systems the bonding π-orbitals are the 
Highest Occupied Molecular Orbital (HOMO) and are in the materials valance band and the 
anti-bonding π*-orbitals, Lowest Unoccupied Molecular Orbital (LUMO), are in the 
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conduction band.  Promotion of electrons from the HOMO to the LUMO is required for 
conduction to take place. 
 
1.4 Organic Field-Effect Transistors 
 
Field-Effect Transistors (FETs) are unipolar devices in which the current flowing between 
two electrodes is controlled by the voltage applied at a third electrode.  They may be used as 
an on/off switch controlling electrical power to a load by using a small voltage to control 
current and are basic building blocks for integrated circuitry. The controlled current passes 
from source to drain through a semiconductor channel or from drain to source depending on 
whether electrons or holes are being transported (Figure 1.3).  The controlling voltage of the 
load is applied between the gate and source [7]. 
 
 
Figure 1.3 – Field-effect transistor. 
 
Organic field-effect transistors (OFETs) use an organic semiconductor in the transistor 
channel (see Figure 1.4 for the architecture of an organic bottom-gate, top–contact 
transistor.).  The OFET consists of a gate electrode, a dielectric insulating layer and an 
organic semiconducting material connecting the source and drain electrodes.  The current 
flow between the drain and source electrodes (ISD) is modulated by the applied gate voltage 
(VG). An “off”
 
state of a transistor is when no voltage is applied to the
 
gate electrode (VG = 
0).
 
When a voltage is applied to the gate, charges can be induced into the semiconducting 
layer at the interface between the semiconductor and dielectric layer [8]. As a result, the 
drain-source current increases due to the increased number of charge carriers, and this is 
called the “on” state of a transistor. For p-channel transistors, holes are the major charge 
carriers while electrons are the major charge carriers for n-channel transistors [9]. 
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Figure 1.4 – Self assembled monolayer (blue), organic semiconductor (red), dielectric (grey) substrate (light blue). 
 
The key characteristics of an OFET are its field-effect mobility and on/off ratio.  Field-effect 
mobility (μ, cm2 V-1 s-1) quantifies the average charge carrier drift velocity per unit electric 
field and the on/off ratio is defined as the drain-source current ratio between the “on” and 
“off” states.  Field-effect mobility can be calculated from (Equation 1) were (V0) is the 
extrapolated threshold voltage, (W) is the channel width, (L) is the channel length, and (Ci) is 
the capacitance per unit area of the insulating layer. The gradient of a plot of ISD vs VSG is 
equal to √(WCi/2Lμ), from which field-effect mobility can be calculated.  Field-effect 
mobility is directly proportional to semiconductor conductivity, and is thus directly related to 
the performance of the device [10, 11].  
 
Equation 1: ISD = (WCiμ/2L)( VSG – V0)
2
 
 
Values for voltage and current are obtained by two methods; measurement of the output and 
transfer characteristics.  The output characteristics are a measurement of the output current 
(ISD) at the drain electrode for a constant gate potential (VSG) by varying the source voltage 
(VSD), this is repeated several times for different gate potentials.  The results are semi-log 
plotted on a graph of ISD Vs. VSD, with a separate line for each VSG.  In the output curves, as 
the magnitude of VSD increases, for a given VSG, the ISD at first increases linearly with VSD, 
and then levels off (saturates) as VSD becomes larger than VSG.  Transfer characteristic values 
for ISD and VSG are determined through incremental increases of VSG for a constant source 
potential (VSD), with linear and saturation values of mobility and threshold voltage derivable. 
At higher VSG, the transistor goes to an ON state with relatively high current compared to at 
lower VSG, in which the transistor goes to an OFF state with very low OFF current.  The 
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on/off ratio refers to the current values in the „on‟ and „off‟ states.  Due to „leaking‟, there is a 
small current even in the off state but if it is sufficiently small it does not activate the 
transistor.  An on/off ratio greater than 10
6
 is needed for the driving circuits in displays. 
 
Organic transistors show most potential in display applications, where the electrical 
performance of organic semiconductors is now sufficient for many display effects with field-
effect carrier mobilities of the same order as amorphous silicon (0.1–1 cm2 V-1 s-1).  Using an 
organic transistor to drive an organic light-emitting diode display is a desirable technology to 
drive down production costs by using high-throughput manufacturing techniques, such as 
inkjet printing, and enable new functionality [12] (Figure 1.5).  
 
 
Figure 1.5 a) Cross section of a simple display pixel, illustrating the interconnect between the thin-
film transistor (TFT) and pixel electrode and (b) circuit diagram of the backplane layout [12]. 
 
The physical properties of a good organic semiconductor consist of a large, π-conjugated 
system and the ability to form highly packed crystals.  The larger the π-conjugation the 
smaller the band gap but this is traded off against the solubility properties of the molecule and 
increased reactivity with air.  Tightly packed crystals allow for better π orbital overlap 
between molecules and thus improving electron transfer between them.  The morphology of 
the crystals, whether flat or herring-bone packing, also affects the magnitude of the π orbital 
overlap [11]. 
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1.5 - Ring-Opening Metathesis Polymerisation 
 
Ring-Opening Metathesis Polymerisation (ROMP) is a type of olefin metathesis chain growth 
polymerisation where the exchange of substituents between different unsaturated materials 
occurs, with ring-strain relief being the driving force of the reaction in cyclic olefins (Figure 
1.6) [13].  The first examples of ROMP were published in 1959 with the titanium-catalysed 
polymerisation of norbornene [14] and has served as the foundation for the development of 
olefin metathesis as a versatile and powerful tool in chemical synthesis.  This ground 
breaking research was acknowledged with the 2005 Nobel Prise in Chemistry being 
collectively awarded to Yves Chauvin, Robert H. Grubbs, and Richard R. Schrock for their 
elucidation of the reaction mechanism and their discovery of highly efficient, stable and 
selective catalysts [15].   Polynorbornene materials have been used in plastic electronics for 
OLEDs [16, 17] and OPVs [18] but have not yet been successfully applied to OFETs.  This 
proven compatibility with electron rich aromatic groups is why ROMP has been utilised in 
this project.  
 
Figure 1.6 Red – metal (M) catalyst with initiating/ propagating R.  Blue – ring strained, olefin monomer. 
 
Early examples of olefin metathesis catalysts consisted of transition metal salts combined 
with main group alkylating agents e.g. WCl6/Bu4Sn, MoO3/SiO2, ect.  However, the reactions 
were difficult to initiate and control because very little of the active species formed in the 
catalyst mixtures and the harsh conditions and strong Lewis acids required made them 
incompatible with most functional groups [19].  Many modern catalysts use ruthenium as the 
transition metal due to its reactive preference for carbon-carbon double bonds in the presence 
of protic groups, increasing functional group tolerance and compatibility with a wide range of 
solvents.  Such catalysts characteristically contain a Schrock alkylidene, a dianionic, 4 
electron donor ligand, that reacts in the initiation step in ROMP. 
The most commonly used polymerisable functionality is norbornene (bicyclo[2.2.1]hept-2-
ene).  Norbornene is a bicyclic molecule consisting of a cyclohexene ring with 
a methylene bridge between the 3
rd
 and 6
th
 carbons.  The molecule contains a double 
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bond which induces a significant ring strain of 27.2 kcal/mol [20] making it ideal for ROMP.   
Once severed by olefin metathesis the double bond would have to overcome a significant 
thermodynamic barrier to reform making it essentially irreversible [13]. 
 
The ROMP reaction is catalysed through the formation of metal-carbene complexes with the 
catalytic cycle requiring a strained cyclic structure because the driving force of the reaction is 
relief of ring strain.  Polymer initiation begins with the dissociation of one L-type ligand 
forming the 14 electron intermediate [21], followed by the oleﬁn monomer (norbornene) 
coordinating to the ruthenium.  (There has been much debate regarding the site of oleﬁn 
coordination and metallacyclobutane formation. There is experimental and computational 
evidence supporting oleﬁn binding either cis (side-bound mechanism)[22, 23] or trans 
(bottom-bound mechanism)[24, 25] to the L-ligand.  For the sake of simplicity trans 
coordination is drawn here.)  The alkylidene moiety and monomer double bond undergo a 
series of alternating [2 + 2]-cycloadditions and cycloreversions, forming a highly strained 
metallacyclobutane intermediate, with ring strain relief of the monomer driving the reaction 
forward.  A new propagating metal alkylidene bond forms and the process repeats beginning 
chain growth polymerisation.  Ethyl vinyl ether is added to terminate the polymerisation and 
irreversibly remove the ruthenium initiator through the formation of a Fischer carbene 
alkylidene, unreactive at low temperatures (Figure 1.7). 
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Figure 1.7 – Detailed mechanism of ROMP.  
 
The first generation Grubbs catalyst appeared in 1995 with 
bis(tricyclohexylphosphine)benzylidine ruthenium(IV) dichloride [26](Catalyst 1 - Figure 
1.8), a 16 electron, square pyramidal, ruthenium metal centre flanked with two L-type donor 
ligands, two anionic ligands and an alkylidene moiety in the apical position.  The dichloride 
anionic, ligands increase monomer coordination compared to other halides due to the trans-
influence binding the olefin tighter and reducing steric crowding of the cis-halide.  Bulky, 
electron donating tricyclohexylphosphine ligands have a large cone angle increasing 
dissociation due to steric hindrance required for catalyst initiation.  The electron-rich 
phosphine also uses trans-influence to stabilise the vacant orbitals in the trans position, 
encouraging ligand labilisation, and stabilises the electron-deficient transition states [27].  
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Decreased activity relative to the original metal-salts for increased group tolerance was seen 
as a compromise for this first generation of catalyst but new ligands altered reaction rates.  
The substitution of one of the phosphine ligands for an even more bulky and electron-
donating N-heterocyclic carbene (NHC) resulted in a series of 2
nd
 generation catalysts, 
notably (1,3-bis(2,4,6-trimethylphenyl)-2-imidasolidinylidene)dichloro(phenylmethylene) 
(tricyclohexylphosphine) ruthenium(IV) (Catalyst 2) [28]. NHC ligands are strong σ-donors 
yet less labile than phosphines, making them less likely to dissociate from the catalyst but 
also provide increased electron density to stabilise high oxidation state ruthenium 
intermediates.  This resulted in faster propagation rates and the ability to react with sterically 
hindered double bonds, but reduced initiation rates due to an unexpected decrease in the 
phosphine exchange rate resulting in much broader polydispersities (PDI ≈ 2) [21].  
Dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-imidasolidinylidene] (benzylidene) bis(3-
bromopyridine)ruthenium(II) (Catalyst 3) was developed as a 3
rd
 generation Grubbs catalyst 
with weakly coordinating pyridine ligands displayed initiation kinetics over one million times 
faster than Catalyst 2 [29].  Such a fast initiation rate produced polymers of norbornene with 
polydispersities of 1.06, but at cool temperatures suppressed secondary chain-transfer 
reactions, and facilitated the synthesis of random copolymers as the catalyst reacts non-
preferentially with similar monomers [30]. 
 
 
Figure 1.8 
1.6 – Polysiloxanes. 
 
Polysiloxanes consist of an inorganic silicon-oxygen backbone with organic side groups 
attached to the silicon atoms with the chemical formula [R2SiO]n (Figure 1.9).  Such materials 
are noted for their flexibility, non-reactivity and stability making them easy to shape and 
manufacture resulting in them being ubiquitous in many household and industrial products 
[31, 32].  It‟s very flexible due to large bond angles and bond lengths when compared to 
19 
 
those found in more basic polymers such as polyethylene. For example, a C-C backbone unit 
has a bond length of 1.54 Å and a bond angle of 112˚, whereas the siloxane backbone unit Si-
O has a bond length of 1.63 Å and a bond angle of 130˚.  Wide bond angles coupled with a 
very low energy barrier for rotation (Si-O < 0.8 kcal/mol versus C-O ~11.3 kcal/mol) lead to 
highly flexible polysiloxane chains [33]. 
 
 
Figure 1.9 – Polysiloxane 
 
R-groups consisting of pendant mesogens have been widely used for side-chain liquid-
crystalline polymers (SCLCPs) for optical [34] and electronic devices [35].  Their popularity 
arises from the lack of interference imposed from the silicone backbone on the morphology 
of the pendants while providing the viscosity and other mechanical properties desired for 
processing. 
 
Mesogens are typically grafted to the polysiloxane backbone as polymerisation with pendants 
pre-attached to the silicon monomers produce polydisperse materials with low molecular 
weight [36].  Direct grafting to the backbone can be achieved with the polysiloxane 
containing a hydrogen-silicon functionality by hydrosilylation of a terminal alkene via 
palladium cross-coupling [35] or alcoholysis with an alcohol and Wilkinson‟s catalyst [37].  
Reactive functionalities pre-attached to the polymer, such as alkyl mercaptans, or olefins, can 
also be utilised with a variety of chemistry.  Hydrosilylation will be the preferred reaction as 
the literature suggest that is the most common and has the highest yields, and has the most 
suitable Si-H containing polymers available for purchase [38]. 
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2 - Quaterthiophene Materials. 
2.1 - Introduction. 
 
Oligothiophenes are popular materials for many organic electronic applications with their 
chemical/electrochemical stability and ready functionalisation.  They are well-performing 
organic semiconductors that combine good charge transport properties and wide band-gap 
characteristics.  5,5′′′-Dihexyl-2,2′:5′,2′′:5′′,2′′′-quaterthiophene (DH4T) is an intensively 
studied material for organic field-effect transistors providing plenty of literature for material 
performance comparison [39].   This chapter will describe the synthesis of asymmetric 
quaterthiophene pendant groups and their polymerisation. 
The optoelectronic properties of oligothiophenes are a consequence of the interplay between 
electronic and geometric structures; as the oligomer chain length becomes longer, the 
oxidation potential decreases due to an increase of the π-conjugation of the system [40, 41].  
This high degree of π-conjugation is sufficiently large to overcome the destabilising steric 
effects of eclipsing interactions increasing planarity, with the anti-gauche, linear arrangement 
more energetically favourable.  Consequently, extended oligothiophenes become less soluble 
so the choice of thiophene chain length is a compromise between processability and 
electronic properties.  Conformational analysis of the torsional potential surfaces and band 
gaps of several oligothiophenes were calculated with the B3LYP/6-31G method (Figure 
2.1)[42].  The energy potential curves show the anti-gauche arrangement being the most 
stable and a substantial narrowing of the band gap as the number of thiophenes increases.  
Quaterthiophene was selected for this project due to its balance between electric properties, 
planar geometry and solubility. 
 
Figure 2.1-  Conformational analysis of the torsional potential surfaces (left) and  
band gap energy per oligothiophene length (right) [42] 
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The crystal structure of DH4T shows the monoclinic, space group P21/a, with one half 
molecule in the asymmetric unit, pairing through an inversion on the central carbon-carbon 
bond.  X-ray diffraction revealed single crystalline domains of a = 6.05 Å, b = 7.81 Å and c = 
28.53 Å, with angle β = 92.39˚, and herringbone packing in the ab plane [43].  There is no 
evidence of intermolecular interactions altering the geometry suggesting that the 
oligothiophene core dictates the arrangement. Monomolecular layers stack parallel to the b 
plane (Figure 2.2) atop the fully extended hexyl chains, with the long molecular axis slightly 
tilted with respect to the plane.  This extended plane of π-stacked materials facilitates charge 
transport in devices. 
 
 
Figure 2.2 – Crystal structure of DH4T showing the crystal domain [5] 
   
DH4T has highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) levels of 3.1 eV and 5.9 eV, respectively.  TFTs of DH4T have exhibited a 
ﬁeld-effect mobility (μ) of ~0.03 cm2/ Vs, a threshold voltage (VT) of -6 V, and on/off current 
ratios (Ion / Ioff) of ~10
6
 [44].  All these electrochemical and physical properties make alkyl 
quaterthiophenes a suitable pendant group for exploration in this project. 
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2.2 - Synthesis 
 
The synthesis of asymmetric quaterthiophene (4T) analogues for organic electronics will 
involve the addition of an alkyl chain, containing a second functional group, to a thiophene 
with existing asymmetry, and then the addition of more thiophenes through cross couplings 
(Figure 2.3).  The second functionality will be used for the addition of polymerisable groups 
and should ideally be exploitable after attachment to oligothiophene formation for optimal 
atom economy. 
 
 
Figure 2.3- Retrosynthesis of 4T pendant. 
 
2-(6-(Thiophen-2-ylmethoxy)hexyloxy)tetrahydro-2H-pyran was prepared by alkylation of 2-
thiophenemethanol, via Sn
2
 elimination, with a tetrahydro-2H-pyran (THP) protected 6-
chlorohexanol (Figure 2.4) [45].  The alcohol group was deprotonated with sodium hydride 
until the evolution of gas ceased before reaction with the alkyl chloride overnight.  NMR 
analysis of the crude reaction mixture showed the presence of terminal vinyl hydrogens, 
indicating that the imperfect yield was due to E2 elimination of the alkyl chloride.  However, 
the yield is still very high and the product was easily purified via column chromatography.  
 
 
Figure 2.4 – Synthesis of 2-(6-(Thiophen-2-ylmethoxy)hexyloxy)tetrahydro-2H-pyran 
 
Borylation of the thiophene on the 5-position was achieved through lithiation, followed by 
addition of isopropoxy boronic pinacol ester, giving 4,4,5,5-tetramethyl-2-(5-((6-(tetrahydro-
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2H-pyran-2-yloxy)hexyloxy)methyl)thiophen-2-yl)-1,3,2-dioxaborolane in a high yield [46] 
(Figure 2.5).  In tandem, bithiophene underwent mono bromination with n-bromosuccinimide 
to produce 5-bromo-2,2'-bithiophene [47].  The moderate yield is due to formation of the 
dibromobithiophene side product and the difficulty in purification.  Both products were 
reacted together in the next step. 
 
 
Figure 2.5- Synthesis of Susuki coupling starting materials. 
 
Susuki coupling of the two previous products was intended to produce 2,2':5',2''-terthiophene-
5-((methoxy)hexyloxy)tetrahydro-2H-pyran (Figure 2.6).  However, NMR analysis of the 
crude product showed that while the cross coupling was highly successful, the aryl ether bond 
was substantially cleaved creating 2,2':5',2''-terthiophene-5-methanol as a large side product.  
This route was abandoned as while the alkyl group could be reattached, it was decided that 
the aryl ether bond should be replaced to prevent further breakages in later steps and to 
produce a more robust material.   
 
Figure 2.6 – Synthesis of 2,2':5',2''-terthiophene-5-((methoxy)hexyloxy)tetrahydro-2H-pyran. 
 
An alternative route was planned that removed the alkyl ether and contained fewer cross-
coupling reactions (Figure 2.7).  Mono alkylation of bithiophene removes the labile bond of 
the previous path, followed by a Susuki coupling of another asymmetric bithiophene reduces 
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two cross coupling reactions to one with starting materials that can be more easily removed 
from the product.  The OTHP protecting group has been replaced with a terminal vinyl for 
robustness and to reduce the number of synthetic steps, while providing a functional group 
suitable for polymer grafting and functional group interchanges.  
 
 
Figure 2.7 – Alternative retrosynthesis of 4T pendant. 
 
Alkylation of 2,2'-bithiophene began with lithiation of a 5-position followed by addition of 
10-bromo-1-decene (Figure 2.7).  The nucleophilic thiophene eliminates the bromide via a 
Sn2 mechanism to produce 5-(dec-9-enyl)-2,2'-bithiophene in yields consistent with literature 
precedent [48].  This was followed by bromination of the remaining thiophene 5‟-position 
using n-bromosuccinimide via electrophilic addition in quantitative yields.  
 
   
Figure 2.7 – Synthesis of 5-Bromo-5'-(dec-9-enyl)-2,2'-bithiophene 
 
5-Bromo-5'-(dec-9-enyl)-2,2'-bithiophene then underwent a Susuki coupling with 5(4,4,5,5-
tetramethyl[1,3,2]dioxoborolan-2-ylyl)-2,2‟-bithiophene to produce 5-(dec-9-enyl)-
2,2':5',2'':5'',2'''-quaterthiophene in fare yields with a simple purification via precipitation due 
to the highly soluble starting materials and poorly soluble product (Figure 2.8) [49].  The 
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terminal alkene was then ready to be used to graft onto polysiloxanes or converted into 
another functional group.  Some of the alkene underwent hydroboration to create a terminal 
alcohol and produce 5-(decan-10-ol)-2,2':5',2'':5'',2'''-quaterthiophene [50].  NMR analysis of 
the crude product indicated a significant amount of unfunctionalised alkane formed as a side 
product, deduced from the low peak ratio of hydrogens neighbouring the alcohol compared to 
other signals and the presence of a CH3 signal.  Purification of this molecule was very 
problematic due to solubility issues and similar physical properties.  A difficult flash column 
chromatograph was undertaken with hot toluene, containing 1 % triethyl amine, to wash off 
the side product, followed by hot toluene with 1 % formic acid to elute the product.    
 
 
Figure 2.8 – Synthesis of 5-(decan-10-ol)-2,2':5',2'':5'',2'''-quaterthiophene 
 
The alcohol underwent esterification with 5-norbornene-2-exo-carboxylic acid, using N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide (EDC) as the activating agent, providing 5-(10-
exo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid)-2,2':5',2'':5'',2'''-quaterthiophene as a 
monomer suitable for ring opening metathesis polymerisation (Figure 2.9) [51, 52].    
 
  
Figure 2.9 – Esterification with EDC.  
 
5-(Dec-9-enyl)-2,2':5',2'':5'',2'''-quaterthiophene and 5-(10-exo-bicyclo[2.2.1]hept-5-ene-2-
carboxylic acid)-2,2':5',2'':5'',2'''-quaterthiophene were grafted to poly(methylhydrosiloxane) 
[35] and participated in ring opening metathesis polymerisation [52], with five equivalents of 
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norbornene, respectively (details provided later in the chapter), however both produced a 
solid, insoluble, red plastic.  It is hypothesised that some form of coupling occurred between 
the unsubstituted α-carbons of the thiophenes causing cross-linking between polymer chains 
(Figure 2.10).  New asymmetric 4T pendants with alkyl chains on both sides were made to 
protect this position. 
 
  Figure 2.10 – Potential reason for insolubility.  
 
5-Bromo-5'-(dec-9-enyl)-2,2'-bithiophene was remade and reacted with the product of 5- 
hexyl-2,2'-bithiophene‟s borylation (Figure 2.11) [49].  The Susuki coupling resulted in 5-
(dec-9-enyl)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene in moderate yields and used for 
polysiloxane grafting.  Due to the difficulty in purifying the previous hydroboration of the 
alkene to alcohol, the synthetic route was revised with intermediates that contained a more 
easily accessible alcohol group. 
 
 
Figure 2.11 – Synthesis of 5-(dec-9-enyl)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene. 
 
The tetrahydropyran protecting group was revisited, due to experience with its chemistry, in 
the synthesis of 11-bromo-1-tetrahydropyranyloxyundecane from the alkyl bromoalcohol.  
This partook in a Sn
2
 elimination reaction with 2,2'-bithiophene, that had been treated with n-
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butyl lithium for 1 hour at -78 ˚C, to produce 2-(11-(2,2'-bithiophen-5-
yl)undecyloxy)tetrahydro-2H-pyran in yields comparable to literature values (Figure 2.12) 
[53].  The product was lithiated with n-butyl lithium for 1 hour at -78 ˚C, then stannylated 
with tributyl tin chloride.  The resulting tributyl(5'-(11-(tetrahydro-2H-pyran-2-
yloxy)undecyl)-2,2'-bithiophen-5-yl)stannane was analysed with NMR spectroscopy to 
ensure completion and taken onto the next step without further purification assuming 100% 
purity.  Complementary to the tin bithiophene, 5-hexyl-2,2'-bithiophene was brominated at 
the  5‟-position using n-bromosuccinimide via electrophilic addition in quantitative yields 
giving 5-hexyl-(5'-bromo)-2,2'-bithiophene. 
 
 
 
Figure 2.12 – Synthesis of Stille coupling starting materials. 
 
The newly synthesised bromo and tin thiophenes were reacted in a solution phase Stille 
coupling at 100 ˚C, overnight, to produce 5-(11-(tetrahydro-2H-pyran-2-yloxy)undecyl)-5'''-
(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene in moderate yields (Figure 2.13) [54].  A lower 
temperature than potentially achievable was used to prevent loss of the protecting group and 
the product was purified via precipitation from hot THF with methanol.  The protecting group 
was removed by stirring with 10 mL of 2M HCl in THF for two hours to produce 5-
(undecan-11-ol)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene in quantitative yield.   
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Figure 2.13 – Stille coupling and deprotection. 
 
Reaction of the alcohol to add functional groups for ROMP, reversible addition-
fragmentation chain-transfer (RAFT)[55] and atom transfer radical polymerisation 
(ATRP)[56, 57] polymerisation was achieved via esterifications using n-(3-
dimethylaminopropyl)-n-ethylcarbodiimide or an acid chloride (Figure 2.14).  4-
Vinylbenzoic acid and 5-norbornene-2-exo-carboxylic acid were coupled to the alcohol, 
using the carbodiimide, to produce 5-(11-undecyl-(4-vinylbenzoate))-5'''-(hexyl)-
2,2':5',2'':5'',2'''-quaterthiophene (vinylbenzoate-4T) for RAFT and 5-(10-exo-
bicyclo[2.2.1]hept-5-ene-2-carboxylic acid)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene 
(norbornene-4T) for ROMP respectively, while 5-(11-undecyl methacrylate)-5'''-(hexyl)-
2,2':5',2'':5'',2'''-quaterthiophene (methacrylate-4T) for ATRP was synthesised by reacting the 
alcohol with an excess of methacryloyl chloride and organic base.  The relatively low yields 
for these esterifications is attributed to the difficult purification by column chromatography to 
remove a small about of unreacted starting material and ensuring the high purity required for 
polymerisation.   
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Figure 2.14 – 4T monomer synthesis. 
 
Long alkyl chain copolymers for ROMP and RAFT were synthesised using the same 
technique by coupling 1-decanol to norbornene carboxylic acid and vinyl benzoic acid to 
produce (1S,2R,4S)-decyl bicyclo[2.2.1]hept-5-ene-2-carboxylate (alkyl-norbornene1) and 
decyl 4-vinylbenzoate respectively (Figure 2.15).  Lauryl methacrylate was purchased from 
Aldrich as an ATRP copolymer.  
Figure 2.15 – Co-monomer synthesis. 
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2.3 – Polymerisation. 
 
Norbornene-4T underwent ROMP polymerisation with bicyclo[2.2.1]hept-2-ene 
(norbornene) or alkyl-norbornene1 as co-monomers in different ratios (given as „Eq‟ in 
Figure 2.16) using 0.03 equivalents, per norbornene-4T, of dichloro[1,3-bis(2,4,6-
trimethylphenyl)-2-imidasolidinylidene] (benzylidene) bis(3-bromopyridine)ruthenium(II) as 
catalyst. The table in Figure 2.16 displays the number-averaged molecular weight (Mn), 
average molecular weight (Mw), theoretical average molecular weight by calculation (tMn), 
and the polydispersity index (PDI) of the corresponding polymers.  Copolymerisation with 
norbornene created materials with a Mn significantly lower than calculated and a much larger 
PDI than ROMP literature [13, 58].  It is hypothesised that the poor solubility of 
quaterthiophene caused aggregation and the rigidity of the poly-norbornene reduces the 
solubility, causing gelation, preventing high molecular weights from being formed.  Copoly-
(alkyl/4T)norbornenes had sufficient solubility to allow for propagation of the polymer chain 
to give molecular weights close to theoretical value. 
 
 
*(Determined by gel permeation chromatography in chlorobenzene relative to monodispersed polystyrene standards.) 
** (Ratio of co-monomers in polymer measured by 1H NMR – (norbornene/ alkyl-norbornene1): norbornene-4T) 
 
Figure 2.16 – Table of analytical results from 4T ROMP. 
 
NMR analysis of the polymers show key hydrogen peaks that quantify the ratio of co-
polymerisation between the monomers.  Peaks at 6.7 ppm correspond to the aromatic 
hydrogens in the 4 and 4‟‟‟ positions of quaterthiophene, next to the alkyl chain, integrating 
at 2 for every quaterthiophene monomer, and peaks at 7.0 ppm for the other thiophene 
hydrogens integrating at 6 per quaterthiophene give the distinct signals for the monomer.  p-
Polymer Co-monomer Eq Mn (kg/mol)
* 
Mw (kg/mol)
* 
tMn (kg/mol) PDI Ratio
**
 
p-4T-1 Norbornene 5 124 383 235 3.1 3: 1 
p-4T-2 Norbornene 7.5 137 685 400 5.0 4: 1 
p-4T-3 Norbornene 10 116 458 604 3.9 8: 1 
p-4T-4 Alkyl-norbornene1 1 50 84 66 1.7 2: 1 
p-4T-5 Alkyl-norbornene1 2 80 115 126 1.4 4: 1 
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4T-1, 2 and 3 have distinct peaks at 5.2 and 5.3 corresponding to the respective S and E 
polymer backbone alkenes formed from norbornene ring opening (Figure 2.17).  Due to the 
broadness of polymer 
1
H NMR signals, accurate integration of the individual peaks is not 
possible so all were integrated together, from 5.1 to 5.5,  to give the total number of vinyl 
backbone hydrogens per monomer.  The ratio of co-monomers was determined by measuring 
the total vinyl peak integration and subtracting two from for the quaterthiophene monomer; 
then divide by two for both norbornene co-monomers vinyl protons, as given in table 2.16.  
p-4T-1, 2, and 3 showed a poor incorporation of norbornene relative to the quaterthiophene, 
while p-4T-4 and 5 had double the intended ratio.  It is hypothesised that aggregation of 
quaterthiophene dense polymers removed them from the polymerisation process causing a 
greater ratio of alkyl-norbornene1 to copolymerise with norbornene-4T (Figure 2.18). 
 
Figure 2.17 – Key NMR signals of p-4T-1,2 and 3. 
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Figure 2.18 - Key NMR signals of p-4T-4 and 5. 
 
Polymerisation of vinylbenzoate-4T with methyl 4-vinylbenzoate (5, 7.5, and 10 equivalents) 
and decyl 4-vinylbenzoate (1 and 2 equivalents) using RAFT was attempted (Figure 2.19) 
[55, 59].  2-Cyano-2-propyl dodecyl trithiocarbonate (0.01 eq per monomer) was used as the 
RAFT agent and 2,2‟-(diasene-1,2-diyl)bis(2-methylpropanenitrile) (AIBN) as the radical 
initiator with the intention of making polymer chains of one hundred repeating units.  
Unfortunately copolymerisation with methyl 4-vinylbenzoate were all unsuccessful, with 
crude NMR analysis showing no reaction of the vinyl bond. Copolymerisation with decyl 4-
vinylbenzoate was also unsuccessful after 16 hours and addition of more AIBN only 
produced materials of three or four repeating units.  Reasons for the polymerisation not 
occurring are not known, so RAFT polymerisation was abandoned due to a lack of time to 
remake the monomer.  
 
 
Figure 2.19 – RAFT polymerisation of 4T. 
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A similar outcome occurred during reaction of methacrylate-4T with one and two equivalents 
of lauryl methacrylate for ATRP (Figure 2.20).  Ethyl-2-bromoisobutyrate was used as 
initiator, copper (I) bromide as catalyst and N,N,N',N'',N''-pentamethyldiethylenetriamine 
(PMDETA) as ligand.  All were applied in 0.01 equivalents per co-monomer total.  All the 
chemicals were heated, under argon, in dry toluene for 16 hours; no product formed.  The 
lack of polymerisation taking place is unknown and ATRP materials were abandoned due to 
time constraints. 
 
Figure 2.20 – ATRP polymerisation of 4T. 
 
Polysiloxane grafting reactions met with similar results.  Hydrosilylation of 5-(dec-9-enyl)-
5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene, using Karstedt‟s catalyst [35], with 
poly(hydrogenmethylsiloxane) (PHMS) and poly(dimethylsiloxane-co-
methylhydrosiloxane)s (PDMS- MHZ) was attempted (Figure 2.21).  Heating the alkene, 
with the catalyst, for extended periods of time failed to significantly graft onto the 
polysiloxanes showing little variation in the Si-H and alkene integration by 
1
H NMR analysis.  
It is suspected that solubility issues prevented significant grafting of quaterthiophene onto the 
polysiloxane and this route was abandoned due to lack of progress.  
 
 
Figure 2.21 – Polysiloxane graft of 4T.  
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2.5 - Quaterthiophene experimental. 
 
All chemicals were purchased from commercial suppliers unless otherwise specified. 
1
H 
NMR and 
13
C NMR spectra were recorded on a BRUKER 400 spectrometer in CDCl3 
solution at 298 K. Number average (Mn) and weight-average (Mw) were determined by 
Agilent Technologies 1200 series GPC running in chlorobenzene at 80 ˚C, using two PL 
mixed B columns in series, and calibrated against narrow polydispersity polystyrene 
standards. Electrospray mass spectrometry was performed with a Thermo Electron 
Corporation DSQII mass spectrometer. UV-vis spectra were recorded on a UV-1601 
Shimadsu UV-vis spectrometer.  Column chromatography was carried out on silica gel (for 
flash chromatography, VWR). 
 
2.4.1 - 2-(6-(Thiophen-2-ylmethoxy)hexyloxy)tetrahydro-2H-pyran. 
 
 
 
2-Thiophenemethanol (1 g, 8.76 mmol, 0.83 mL) was added to a suspension of sodium 
hydride (60% w/w dispersion in mineral oil, 0.35 g, 8.76 mmol) in anhydrous DMF (50 mL) 
at 0 oC, under nitrogen, with stirring. After 20 min, 2-(6-chlorohexyloxy)tetrahydropyran 
(1.93 g, 8.76 mmol, 1.9 mL) was added dropwise. This mixture was stirred overnight at room 
temperature, then quenched with water (150 mL) and extracted with ethyl acetate. The 
extracts were washed with 1M NaOH(aq), brine and water, dried (MgSO4), and concentrated 
in vacuo. The residue was purified by column chromatography on silica, eluting with 
petroleum ether/ethyl acetate (9: 1, 1% Et3N, Rf = 0.4) to afford 2-(6-(thiophen-2-
ylmethoxy)hexyloxy)tetrahydro-2H-pyran (2.3 g, 7.71 mmol, 88 % yield) as a clear, pale 
yellow oil. [45] 
1
H NMR (400 MHz, CDCl3) δ 7.30 (dd, J = 4.9, 1.4 Hs, 1H), 7.00 (m, 2H), 4.68 (s, 2H), 4.63 
- 4.56 (m, 1H), 3.89 (m, 1H), 3.75 (dt, J = 9.6, 6.9 Hs, 1H), 3.56 - 3.46 (m, 3H), 3.40 (dt, J = 
9.6, 6.6 Hs, 1H), 1.89 - 1.52 (m, 10H), 1.42 – 1.39 (m, J = 7.2, 3.6 Hs, 4H). 
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13
C NMR (101 MHz, CDCl3) δ 141.05, 127.19, 125.84, 124.69, 100.24, 71.58, 68.38, 67.49, 
65.14, 30.13, 30.04, 29.64, 26.49, 26.49, 25.57, 19.74. 
MS (ESI+): m/z = 321 [M + Na
+
]. 
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2.4.2 - 4,4,5,5-Tetramethyl-2-(5-((6-(tetrahydro-2H-pyran-2-yloxy)hexyloxy)methyl) 
thiophen-2-yl)-1,3,2-dioxaborolane. 
 
 
 
To a stirred solution of 2-(6-(thiophen-2-ylmethoxy)hexyloxy)tetrahydro-2H-pyran (2 g, 6.70 
mmol), in dry THF (50 mL), under an inert atmosphere (Ar), at -78° C was slowly added a 
2.5 M solution of n-butyl lithium in hexanes (2.68 mL, 6.70 mmol). The mixture was allowed 
to react at this temperature for 1 h, then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1.504 mL, 7.37 mmol) was added via syringe. The resulting mixture was 
allowed to warm to room temperature and stirred overnight before quenching with water. The 
reaction mixture was extracted with EtOAc. The combined organic layers were washed with 
brine and water, dried (MgSO4) concentrated in vacuo. The residue was purified by column 
chromatography on silica, eluting with petroleum ether/ethyl acetate (6 : 1, 1% Et3N, Rf = 
0.3) to afford  4,4,5,5-tetramethyl-2-(5-((6-(tetrahydro-2H-pyran-2-
yloxy)hexyloxy)methyl)thiophen-2-yl)-1,3,2-dioxaborolane (2.65 g, 6.24 mmol, 93 % yield) 
as a clear, pale green oil. 
1
H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 3.4 Hs, 1H), 7.07 (d, J = 3.5 Hs, 1H), 4.71 (s, 2H), 
4.59 (m, 1H), 3.88 (m, 1H), 3.75 (dt, J = 9.6, 6.8 Hs, 1H), 3.55 - 3.47 (m, 3H), 3.40 (dt, J = 
9.6, 6.6 Hs, 1H), 1.90 - 1.51 (m, 10H), 1.42 - 1.33 (m, 16H). 
13
C NMR (101 MHz, CDCl3) δ 143.79, 134.50, 129.56, 100.24, 86.48, 86.48, 71.58, 69.66, 
67.49, 65.14, 30.13, 30.04, 29.64, 26.49, 26.49, 25.57, 24.70, 24.70, 24.70, 24.70, 19.74. 
MS (EI+): m/z 424 = [M]. 
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2.4.3 - 5-Bromo-2,2'-bithiophene. 
 
 
 
2,2'-Bithiophene (14 g, 84 mmol) was dissolved in a mixture of chloroform (100 mL) and 
acetic acid (10.00 mL) at 0ºC in the dark. To this solution, n-bromosuccinimide (8.99 g, 50.5 
mmol) was added and stirred for 3 hours.  The reaction mixture was washed with brine (2 x 
50 mL), sat. aq. Na2CO3 (2 x 50 mL) and water (50 mL), dried (MgSO4), and concentrated in 
vacuo.  The material was purified via bulb-to-bulb distillation (110 °C, 3 mmHg) to produce 
5-bromo-2,2'-bithiophene (8 g, 32.6 mmol, 64.6 % yield) as a green, crystalline solid. [47] 
 
1
H NMR (400 MHz, CDCl3) δ 7.26 (dd, J = 5.1, 1.1 Hs, 1H), 7.15 (dd, J = 3.6, 1.1 Hs, 1H), 
7.05 (dd, J = 5.1, 3.6 Hs, 1H), 7.01 (d, J = 3.8 Hs, 1H), 6.95 (d, J = 3.8 Hs, 1H). 
13
C NMR (101 MHz, CDCl3) δ 138.94, 136.44, 130.64, 127.93, 124.86, 124.09, 123.88, 
110.96. 
M.P. = 34 ºC. 
MS (EI+): m/z = 245 [M]. 
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2.4.4 - 5-(Dec-9-enyl)-2,2'-bithiophene. 
 
 
 
To a solution of 2,2'-bithiophene (2 g, 12.03 mmol) in anhydrous THF (100 mL) at -78 °C, 
under argon, was slowly added n-butyl lithium in hexanes (2.89 mL, 7.22 mmol). After being 
stirred for a further 1 h 10-bromo-1-decene (1.207 mL, 6.01 mmol) was added dropwise over 
5 min. The reaction mixture was stirred at -78 ˚C for 10 min, then allowed to warm to room 
temperature over night, quenched with water, and diluted with EtOAc.  The combined 
extracts were washed with brine, water, dried (MgSO4) and concentrated in vacuo.  The 
material was purified by column chromatography on silica, eluting with hexane/ethyl acetate 
(9: 1, Rf = 0.3) to afford 5-(dec-9-enyl)-2,2'-bithiophene (1.1 g, 3.61 mmol, 60.1 % yield) of 
a green oil. 
1
H NMR (400 MHz, CDCl3) δ 7.18 (dd, J = 5.1, 1.2 Hs, 1H), 7.12 (dd, J = 3.6, 1.1 Hs, 1H), 
7.03 - 6.96 (m, 2H), 6.73 - 6.67 (m, 1H), 5.84 (ddt, J = 16.9, 10.2, 6.7 Hs, 1H), 5.02 (ddd, J = 
17.1, 3.6, 1.6 Hs, 1H), 4.95 (ddt, J = 10.1, 2.2, 1.2 Hs, 1H), 2.81 (t, J = 7.4 Hs, 2H), 2.12 - 
1.99 (m, 2H), 1.70 (dt, J = 15.1, 7.7 Hs, 2H), 1.43 - 1.30 (m, 10H). 
13
C NMR (101 MHz, CDCl3) δ 145.36, 139.25, 137.99, 134.77, 127.69, 124.72, 123.73, 
123.40, 123.00, 114.18, 33.84, 31.63, 30.17, 29.41, 29.34, 29.14, 29.08, 28.94. 
MS (EI+): m/z = 304 [M]. 
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2.4.5 - 5-Bromo-5'-(dec-9-enyl)-2,2'-bithiophene. 
 
 
 
5-(Dec-9-enyl)-2,2'-bithiophene (1 g, 3.28 mmol) was dissolved in chloroform (100 mL) and 
acetic acid (10.00 mL) at 0ºC in the dark. To this solution, n-bromosuccinimide  (0.584 g, 
3.28 mmol) was added and stirred for 3 hours.  The reaction mixture was washed with brine 
(2 x 50 mL), sat. aq. Na2CO3 (2 x 50 mL) and water (50 mL), dried (MgSO4), and 
concentrated in vacuo to produce 5-bromo-5'-(dec-9-enyl)-2,2'-bithiophene (1.259 g, 3.28 
mmol, 100 % yield) as a green crystalline solid. 
1
H NMR (400 MHz, CDCl3) δ 6.96 (d, J = 3.8 Hs, 1H), 6.94 (d, J = 3.6 Hs, 1H), 6.86 (d, J = 
3.8 Hs, 1H), 6.69 (d, J = 3.5 Hs, 1H), 5.84 (ddt, J = 16.9, 10.2, 6.7 Hs, 1H), 5.02 (ddd, J = 
17.1, 3.6, 1.6 Hs, 1H), 4.96 (ddt, J = 10.2, 2.2, 1.2 Hs, 1H), 2.80 (t, J = 7.6 Hs, 2H), 2.11 - 
2.02 (m, 2H), 1.74 - 1.64 (m, 2H), 1.43 - 1.30 (m, 10H). 
13
C NMR (101 MHz, CDCl3) δ 145.94, 139.48, 139.23, 133.74, 130.49, 124.81, 123.70, 
123.03, 114.17, 110.13, 33.82, 31.58, 30.15, 29.38, 29.30, 29.11, 29.05, 28.91. 
MS (EI+): m/z 383. 
M.P. = 40 ºC. 
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2.4.6 - 5-(Dec-9-enyl)-2,2':5',2'':5'',2'''-quaterthiophene. 
 
 
 
A 20 mL microwave vial with a stirrer bar was dried in an oven at 120 ºC for 16h, then 
cooled in a desiccator under reduced pressure.  Once the vial was cool enough to handle, 5-
bromo-5'-(dec-9-enyl)-2,2'-bithiophene (0.33 g, 0.861 mmol), 5(4,4,5,5-
tetramethyl[1,3,2]dioxoborolan-2-ylyl)-2,2'-bithiophene (0.654 g, 1.119 mmol), and 
tetrakis(triphenylphosphine)palladium(0) (0.050 g, 0.043 mmol) were added, securely sealed 
and purged with argon. Anhydrous DMF (18 mL) and 2 M K3PO4 (0.861 mL, 1.721 mmol) 
were degassed with argon for 30 min then added to the microwave vial via cannula transfer.  
The glass vial was placed into a microwave reactor and heated at 100 °C for 10 min with 
stirring. This was repeated a further 2 times and the reaction mixtures were combined for 
work up.  The reaction mixture was diluted with hot THF, filtered through Celite and 
concentrated in vacuo.  The product was precipitated from hot THF with methanol and dried 
in vacuo to give 5-(dec-9-enyl)-2,2':5',2'':5'',2'''-quaterthiophene (0.94 g, 2.005 mmol, 77 % 
yield) as a red/orange solid. 
1
H NMR (400 MHz, CDCl3) δ 7.26 - 7.23 (m, 1H), 7.20 (m, 1H), 7.11 - 7.00 (m, 6H), 6.71 
(d, J = 3.3 Hs, 1H), 5.84 (ddt, J = 13.4, 10.2, 6.7 Hs, 1H), 5.02 (d, J = 17.1 Hs, 1H), 4.96 (d, J 
= 10.1 Hs, 1H), 2.81 (t, J = 7.5 Hs, 2H), 2.12 - 1.99 (m, 2H), 1.69 (m, 2H), 1.37 (m, 10H). 
13
C NMR (101 MHz, CDCl3) δ 145.74, 139.24, 136.12, 135.16, 127.93, 124.95, 124.89, 
124.59, 124.51, 124.40, 124.26, 124.23, 124.05, 123.77, 123.71, 123.59, 123.46, 114.16, 
33.81, 31.59, 30.19, 29.38, 29.30, 29.11, 29.06, 28.91. 
MS (EI+): m/z = 469 [M + 1]. 
M.P. = 160 ºC. 
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2.4.7 - 5-(Decan-10-ol)-2,2':5',2'':5'',2'''-quaterthiophene. 
 
 
 
5-(Dec-9-enyl)-2,2':5',2'':5'',2'''-quaterthiophene (250 mg, 0.533 mmol) was placed into a dry 
round bottom flask under an inert (Ar) atmosphere and stirred in anhydrous THF (100 mL).  
9-Borabicyclo[3.3.1]nonane solution in THF (2.133 mL, 1.067 mmol) was added and the 
reaction mixture was stirred at room temperature for 24 h.  The reaction mixture was cooled 
to 0 °C, sodium hydroxide (128 mg, 3.20 mmol) was dissolved in deionised water (2 mL) and 
hydrogen peroxide (30 % w/w in water) (0.35 mL, 3.20 mmol) was added slowly. The 
reaction mixture was warmed to 50 °C and stirred for 3 h, quenched with 2 M HCl (aq) and 
more water was added, the precipitate was collected via filtration, washed with water (50 mL) 
and methanol (50 mL).  The residue was purified by column chromatography on silica, 
eluting with hot toluene (1 % Et3N → 100 % → 1 % HCOOH), (Rf = 0.15) to produce 5-
(decan-10-ol)-2,2':5',2'':5'',2'''-quaterthiophene (170 mg, 0.349 mmol, 65.5 % yield) as a 
red/orange solid. 
1
H NMR (400 MHz, CDCl3) δ 7.26 - 7.23 (m, 1H), 7.20 (m, 1H), 7.11 - 7.00 (m, 6H), 6.71 
(d, J = 3.3 Hs, 1H), 3.66 (t, J = 6.6 Hs, 2H), 2.81 (t, J = 7.5 Hs, 2H), 2.12 - 1.99 (m, 2H), 1.77 
- 1.64 (m, 2H), 1.59 -  1.57 (m, 2H), 1.40 - 1.32 (m, 12H). 
13
C NMR (101 MHz, CDCl3) δ 145.76, 137.14, 136.97, 136.08, 135.15, 134.40, 127.92, 
124.88, 124.50, 124.38, 124.23, 124.04, 123.70, 123.59, 123.46, 63.37, 32.92, 31.63, 30.22, 
29.65, 29.61, 29.47, 29.39, 29.11, 25.83. 
MS (EI+): m/z 486. 
M.P. = 158 ºC. 
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2.4.8 - 5-(10-Exo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid)-2,2':5',2'':5'',2'''-
quaterthiophene. 
 
 
 
5-Norbornene-2-exo-carboxylic acid (46.8 mg, 0.339 mmol), 5-(decan-10-ol)-2,2':5',2'':5'',2'''-
quaterthiophene (150 mg, 0.308 mmol) and DMAP (1.882 mg, 0.015 mmol) were measured 
into a dry round bottom flask, placed under an argon atmosphere, and dry DCM (20 mL) and 
THF (20 mL) was added. N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide (0.065 mL, 
0.370 mmol) was added via syringe and stirred for 2 hours. Methanol (50 mL) was added to 
quench the reaction and precipitate the product.  The precipitate was filtered and the residue 
was washed with water (20 mL) and methanol (20 mL), then dried in vacuo to give 5-(10-
exo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid)-2,2':5',2'':5'',2'''-quaterthiophene (180mg, 
0.280 mmol, 96 % yield) as a red/orange solid.  
1
H NMR (400 MHz, CDCl3) δ 7.25 (dd, J = 5.1, 1.0 Hs, 1H), 7.20 (dd, J = 3.6, 1.0 Hs, 1H), 
7.12 - 7.00 (m, 6H), 6.71 (d, J = 3.5 Hs, 1H), 6.18 - 6.11 (m, 2H), 4.10 (t, J = 6.7, 1H), 3.06 
(s, 1H), 2.94 (s, 1H), 2.82 (t, J = 7.5 Hs, 2H), 2.25 (dd, J = 10.1, 4.4 Hs, 1H), 1.95 (dt, J = 
11.7, 4.0 Hs, 1H), 1.74 - 1.53 (m, 5H), 1.42 - 1.31 (m, 12H). 
13
C NMR (101 MHz, CDCl3) δ 176.39, 145.74, 139.24, 138.06, 137.12, 136.95, 135.80, 
135.15, 127.92, 124.89, 124.52, 124.39, 124.23, 124.05, 123.70, 123.59, 123.46, 64.63, 
46.64, 46.38, 43.23, 41.65, 31.61, 30.32, 30.21, 29.51, 29.36, 29.26, 29.08, 28.71, 25.96. 
MS (EI+): m/z 606. 
M.P. = 150 ºC. 
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2.4.9 - 2-(5'-Hexyl-2,2'-bithiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. 
 
 
 
To a stirred solution of 5- hexyl-2,2'-bithiophene (1 g, 3.99 mmol) in dry THF (4 mL) at 0° C 
was slowly added n-butyl lithium in hexanes  (1.597 ml, 3.99 mmol) over 5 minutes. The 
mixture was allowed to react at this temperature for 30 min, then 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (0.815 ml, 3.99 mmol) was added by a syringe. The 
resulting mixture was allowed to warm to room temperature and stirred overnight before 
quenching with water. The reaction mixture was extracted with EtOAc. The combined 
organic layers were washed with brine and water, dried (MgSO4) concentrated in vacuo to 
give 2-(5'-hexyl-2,2'-bithiophen-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.5 g) as a 
green oil.  NMR analysis shows there is a small amount of starting material calculated at 87 
% purity by peak integration ratios.  The material was taken onto the next step without 
purification due to: the difficulty in doing so, the starting material would not interfere with 
the reaction and could be more easily removed later. 
1
H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 3.6 Hs, 1H), 7.19 (t, J = 2.5 Hs, 1H), 7.07 (d, J = 
3.5 Hs, 1H), 6.73 - 6.69 (m, 1H), 2.82 (t, J = 7.5 Hs, 2H), 1.77 - 1.65 (q, J = 7.6 Hs, 2H), 1.43 
- 1.31 (m, 18H), 0.92 (t, J = 6.9 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 146.15, 144.79, 137.92, 134.66, 127.67, 124.89, 124.21, 
124.11, 84.13, 31.57, 30.19, 28.77, 24.78, 22.59, 14.10. 
MS (EI+): m/z 606. 
M.P. = 36 ºC. 
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2.4.10 - 5-(Dec-9-enyl)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene. 
 
 
 
A 20 mL microwave vial with a stirrer bar was dried in an oven at 120 ºC for 16h, then 
cooled in a desiccator under reduced pressure.  Once the vial was cool enough to handle, 5-
bromo-5'-(dec-9-enyl)-2,2'-bithiophene (0.25 g, 0.652 mmol), 2-(5'-hexyl-2,2'-bithiophen-5-
yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (87 % pure, 0.367 g, 0.848 mmol), and 
tetrakis(triphenylphosphine)palladium(0) (0.038 g, 0.033 mmol) were added, securely sealed 
and purged with argon. Anhydrous DMF (18 mL) and 2 M K3PO4 (0.652 ml, 1.304 mmol) 
were degassed with argon for 30 min then added to the microwave vial via cannula transfer.  
The glass vial was placed into a microwave reactor and heated at 100 °C for 15 min with 
stirring. This was repeated a further 2 times and the reaction mixtures were combined for 
work up.  The reaction mixture was diluted with hot THF, filtered through Celite and 
concentrated in vacuo.  The product was precipitated from hot THF with methanol and dried 
in vacuo to give 5-(dec-9-enyl)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene (235 mg, 0.425 
mmol, 65.2 % yield) as a red/orange solid. 
1
H NMR (400 MHz, CDCl3) δ 7.06 (d, J = 3.6 Hs, 2H), 7.03 - 7.00 (m, 4H), 6.71 (d, J = 2.8 
Hs, 2H), 5.84 (ddt, J = 16.9, 10.2, 6.7 Hs, 1H), 5.03 (ddd, J = 17.1, 3.6, 1.6 Hs, 1H), 4.97 
(ddt, J = 10.1, 2.2, 1.2 Hs, 1H), 2.82 (t, J = 7.4 Hs, 4H), 2.08 (m, 2H), 1.70 (m, 4H), 1.38 (m, 
16H), 0.92 (t, J = 6.9 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 145.69, 139.24, 136.76, 135.38, 134.48, 124.87, 124.03, 
123.58, 123.39, 114.16, 33.82, 31.59, 30.21, 29.39, 29.32, 29.12, 29.07, 28.93, 28.78, 22.60, 
14.11. 
MS (EI+): m/z 552.2007. 
M.P. = 236 ºC. 
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2.4.11 - 11-Bromo-1-tetrahydropyranyloxyundecane. 
 
 
 
11-Bromo-1-undecanol (10 g, 39.8 mmol) and 3,4-dihydro-2H-pyran (5.02 g, 59.7 mmol) 
were dissolved in THF (100 ml) and cooled to 0 ºC, followed by addition of p-
toluenesulfonic acid monohydrate (0.379 g, 1.990 mmol). The solution was stirred for 4 h, 
allowing warming to room temperature. The reaction mixture was concentrated under 
reduced pressure, and the residue was purified by flash column chromatography on silica 
(hexane:EtOAc:Et3N - 94:5:1) to give 11-bromo-1-tetrahydropyranyloxyundecane (13 g, 38.8 
mmol, 97 % yield) as a clear, viscous oil. [35] 
1
H NMR (400 MHz, CDCl3) δ 4.61 - 4.54 (m, 1H), 3.87 (ddd, J = 11.1, 7.6, 3.2 Hs, 1H), 3.73 
(dt, J = 9.5, 6.9 Hs, 1H), 3.54 - 3.47 (m, 1H), 3.43 - 3.33 (m, 3H), 1.89 - 1.79 (m, 3H), 1.74 - 
1.67 (m, 1H), 1.55 (m, 6H), 1.45 - 1.25 (m, 14H). 
13
C NMR (101 MHz, CDCl3) δ 98.81, 67.64, 62.29, 33.94, 32.83, 30.79, 29.75, 29.52, 29.45, 
29.40, 28.75, 28.16, 26.23, 25.52, 19.69. 
MS (EI
+
): m/z = 336 [M+1]. 
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2.4.12 - 2-(11-(2,2'-bBithiophen-5-yl)undecyloxy)tetrahydro-2H-pyran. 
 
 
 
To a solution of 2,2'-bithiophene (5 g, 30.1 mmol) in anhydrous THF (100 mL) at -78 °C, 
under argon, was slowly added  n-butyl lithium in hexanes (8.82 ml, 22.05 mmol).  After 
being stirred for a further 1 h, 11-bromo-1-tetrahydropyranyloxyundecane (6.72 g, 20.05 
mmol) was added dropwise over 5 min. The reaction mixture was stirred at -78C for 10min, 
then allowed to warm to room temperature over night, quenched with water, and diluted with 
EtOAc.  The combined extracts were washed with brine, water, dried (MgSO4) and 
concentrated in vacuo.   The crude mixute was purified via coloumn chormotography (2:1 
Hex:EtOAc. Rf = 0.35) to give 2-(11-(2,2'-bithiophen-5-yl)undecyloxy)tetrahydro-2H-pyran 
(5.3 g, 12.60 mmol, 62.8 % yield) as a clear, green oil.  
1
H NMR (400 MHz, CDCl3) δ 7.18 (dd, J = 5.1, 1.1 Hs, 1H), 7.13 (dd, J = 3.6, 1.1 Hs, 1H), 
7.04 - 6.99 (m, 2H), 6.70 (d, J = 3.5 Hs, 1H), 4.65 - 4.57 (m, 1H), 3.91 (ddd, J = 11.1, 7.4, 3.3 
Hs, 1H), 3.78 (dt, J = 9.6, 6.8 Hs, 1H), 3.53 (dt, J = 5.0, 4.4 Hs, 1H), 3.42 (dt, J = 9.6, 6.5 Hs, 
1H), 2.82 (t, J = 7.5 Hs, 2H), 1.94 - 1.82 (m, 1H), 1.80 - 1.69 (m, 3H), 1.69 - 1.53 (m, 6H), 
1.49 - 1.40 (m, 14H).
 
13
C NMR (101 MHz, CDCl3) δ 145.39, 138.00, 134.76, 127.67, 124.70, 123.70, 123.39, 
122.98, 98.87, 67.99, 67.72, 62.36, 31.62, 30.81, 30.16, 29.77, 29.58, 29.53, 29.50, 29.36, 
29.08, 26.26, 25.62, 25.53, 19.72. 
MS EI
+
: m/z = 421 [M+1]. 
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2.4.13 - 5-Hexyl-(5'-bromo)-2,2'-bithiophene. 
 
 
 
5-Hexyl-2,2'-bithiophene (5 g, 19.97 mmol) was dissolved in chloroform (100 mL) and acetic 
acid (10.00 mL) at 0 ºC in the dark. To this solution, n-bromosuccinimide (3.73 g, 20.96 
mmol) was added and stirred for 3 hours.  The reaction mixture was washed with brine (2 x 
50 mL), sat. aq. Na2CO3 (2 x 50 mL) and water (50 mL), dried (MgSO4), and concentrated in 
vacuo to produce 5-hexyl-(5'-bromo)-2,2'-bithiophene (6.58 g, 19.98 mmol, 100 % yield) as a 
green, crystalline solid. 
 
1H NMR (400 MHz, CDCl3) δ 6.97 (d, J = 3.8 Hs, 1H), 6.95 (d, J = 3.6 Hs, 1H), 6.86 (d, J = 
3.8 Hs, 3H), 6.70 (d, J = 3.6 Hs, 1H), 2.81 (t, J = 7.6 Hs, 2H), 1.77 - 1.64 (m, 2H), 1.53 - 1.25 
(m, 6H), 0.93 (t, J = 6.9 Hs, 3H). 
13C NMR (101 MHz, CDCl3) δ 145.98, 139.51, 133.74, 130.49, 124.79, 123.72, 123.03, 
110.14, 31.56, 30.17, 28.76, 22.59, 14.09. 
MS (EI+): m/z = 329 [M]. 
M.P. = 36 ºC. 
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2.4.14 - Tributyl(5'-(11-(tetrahydro-2H-pyran-2-yloxy)undecyl)-2,2'-bithiophen-5-yl) 
stannane. 
 
 
 
To a solution of 2-(11-(2,2'-bithiophen-5-yl)undecyloxy)tetrahydro-2H-pyran  (4 g, 9.51 
mmol) in anhydrous THF (200 mL) at -78 °C, under argon, was slowly added n-butyl lithium 
in hexanes (3.80 ml, 9.51 mmol). After being stirred for a further 1 h, tributyl tin chloride 
(2.58 ml, 9.51 mmol) was slowly added. The reaction mixture was warmed up to rt and 
stirred overnight. The reaction mixture was quenched with water, concentrated in vacuo, and 
diluted with EtOAc (100 mL).  The organic phase was successively washed with sat. aq. 
NH4Cl (50 mL) and water (50 mL) and dried over Mg2SO4, and concentrated in vacuo to 
produce tributyl(5'-(11-(tetrahydro-2H-pyran-2-yloxy)undecyl)-2,2'-bithiophen-5-
yl)stannane. This was taken onto the next step crude assuming 100% conversion. 
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2.4.15 - 5-(11-(Tetrahydro-2H-pyran-2-yloxy)undecyl)-5'''-(hexyl)-2,2':5',2'':5'',2'''-
quaterthiophene. 
 
 
 
5-Hexyl-(5'-bromo)-2,2'-bithiophene (3.13 g, 9.51 mmol), tributyl(5'-(11-(tetrahydro-2H-
pyran-2-yloxy)undecyl)-2,2'-bithiophen-5-yl)stannane (6.75 g, 9.51 mmol), and 
tetrakis(triphenylphosphine)palladium(0) (0.550 g, 0.476 mmol) were added to a dry rbf, with 
condenser, and purged with argon. Anhydrous 1,2-dimethoxyethane (300 ml) were degassed 
with argon for 30 min then added to the rbf via cannula transfer and heated at 100 °C for 16 h 
with stirring.  The reaction mixture was cooled, water (300 mL) was added, and the 
precipitate was collected by filtration.  The residue was washed with water (100 mL) and 
methanol (100 mL) and the residue was dissolved in hot THF and precipitated with methanol.   
The precipitate was collected by filtration and dried in vacuo to give 5-(11-(tetrahydro-2H-
pyran-2-yloxy)undecyl)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene (4.58 g, 6.85 mmol, 67.0 
% yield) as a red/orange solid. 
1
H NMR (400 MHz, CDCl3) δ 7.06 (d, J = 3.8 Hs, 2H), 7.01 (m, 4H), 6.71 (d, J = 3.5 Hs, 
2H), 4.62 - 4.58 (m, 1H), 3.93 - 3.87 (m, 1H), 3.76 (dt, J = 9.5, 6.9 Hs, 1H), 3.54 - 3.50 (m, 
1H), 3.41 (dt, J = 9.6, 6.7 Hs, 1H), 2.82 (t, J = 7.6 Hs, 4H), 1.89 - 1.82 (m, 1H), 1.75 - 1.67 
(m, 5H), 1.64 - 1.54 (m, 6H), 1.42 - 1.29 (m, 20H), 0.92 (t, J = 6.8 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 145.69, 136.76, 135.38, 134.47, 124.86, 124.02, 123.58, 
123.39, 98.87, 67.72, 62.37, 31.57, 30.81, 30.20, 29.77, 29.58, 29.35, 29.08, 28.76, 25.53, 
22.58, 19.73, 14.09. 
MS (EI+): m/z = 669 [M]. 
M.P. = 227 ºC. 
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2.4.16 - 5-(Undecan-11-ol)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene. 
 
 
 
5-(11-(Tetrahydro-2H-pyran-2-yloxy)undecyl)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene 
(4.5g, 6.73 mmol) was dissolved in THF (300 mL), followed by addition of 2M HCl (10 mL).  
The reaction mixture was stirred for 2 h to allow for deprotection, the solvent was 
concentrated in vacuo to ~100 mL, then water (200 mL) was added.  The precipitate was 
filtered and the residue was washed with water (2 x 50 mL) and methanol (50 mL).  The 
residue was dried in vacuo to produce 5-(undecan-11-ol)-5'''-(hexyl)-2,2':5',2'':5'',2'''-
quaterthiophene (3.93 g, 6.72 mmol, 100 % yield) as a red/orange solid. 
1
H NMR (400 MHz, CDCl3) δ 7.06 (d, J = 3.7 Hs, 2H), 7.01 (m, 4H), 6.71 (d, J = 3.5 Hs, 
2H), 3.67 (t, J = 6.6 Hs, 2H), 2.82 (t, J = 7.6 Hs, 4H), 1.71 (m, 4H), 1.58 (m, 2H), 1.42 - 1.26 
(m, 20H), 0.92 (t, J = 6.9 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 145.68, 137.30, 135.36, 134.46, 124.85, 124.01, 123.57, 
123.38, 63.10, 32.81, 31.56, 30.19, 29.56, 29.45, 29.40, 29.32, 29.04, 28.75, 25.73, 22.57, 
14.07. 
MS (EI+): m/z = 584 [M]. 
M.P. = 231 ºC. 
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2.4.17 - 5-(10-Exo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid)-5'''-(hexyl)-2,2':5',2'':5'',2'''-
quaterthiophene. 
 
 
 
5-Norbornene-2 exo-carboxylic acid (0.260 g, 1.880 mmol), 5-(undecan-11-ol)-5'''-(hexyl)-
2,2':5',2'':5'',2'''-quaterthiophene (1g, 1.710 mmol) and DMAP (cat) were measured into a dry 
rbf, placed under an argon atmosphere, and dry THF (200 ml) and DCM (200 ml) was added. 
N-(3-Dimethylaminopropyl)-n-ethylcarbodiimide (0.605 ml, 3.42 mmol) as added via syringe 
and stirred for 2 hours. Methanol (50 ml) was added to quench the reaction and precipitate 
the product.  The precipitate was filtered and the residue was washed with water (20 mL) and 
methanol (20 mL), then  purified by column chromatography on silica, eluting with hot 
toluene (1% Et3N) to produce   5-(10-exo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid)-5'''-
(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene (0.7 g, 0.993 mmol, 58.1 % yield) as a red/orange 
solid. 
1
H NMR (400 MHz, CDCl3) δ 7.06 (d, J = 3.3 Hs, 2H), 7.04 - 6.99 (m, 4H), 6.71 (d, J = 3.5 
Hs, 2H), 6.16 (qd, J = 5.6, 3.1 Hs, 2H), 4.11 (td, J = 6.7, 1.0 Hs, 2H), 3.07 (s, 1H), 2.95 (s, 
1H), 2.82 (t, J = 7.2 Hs, 4H), 2.25 (dd, J = 10.1, 4.4 Hs, 1H), 1.96 (dt, J = 11.8, 4.0 Hs, 1H), 
1.77 - 1.62 (m, 6H), 1.56 (d, J = 8.2 Hs, 1H), 1.46 - 1.30 (m, 22), 0.93 (t, J = 6.8 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 176.35, 145.67, 138.04, 136.75, 135.79, 135.36, 134.46, 
124.85, 124.01, 123.56, 123.38, 77.33, 77.02, 76.70, 64.60, 46.63, 46.37, 43.24, 41.64, 31.57, 
30.32, 30.20, 29.50, 29.34, 29.25, 29.07, 28.76, 28.71, 25.95, 22.58, 14.08. 
MS (EI+): m/z = 705.2675 [M]. 
M.P. = 141 ºC. 
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2.4.18 - 5-(11-Undecyl methacrylate)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene. 
 
 
 
Triethylamine (0.675 ml, 3.42 mmol) was added dropwise to a solution of 5-(undecan-11-ol)-
5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene (400 mg, 0.684 mmol) and methacryloyl chloride 
(0.334 ml, 3.42 mmol) in THF (200 mL) at 50 ºC. The mixture was stirred overnight before 
quenching with water (20 mL). The solvent was concentrated in vacuo to ~50 mL and more 
water was added (200 mL).  The precipitate was filtered and the residue was washed with 
water (2 x 50 mL) and methanol (50 mL).  The residue was purified by column 
chromatography on silica, eluting with hot toluene (1% Et3N) to produce 5-(11-undecyl 
methacrylate)-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene (300 mg, 0.459 mmol, 67.2 % 
yield) as a red/orange solid. 
1
H NMR (400 MHz, CDCl3) δ 7.05 (d, J = 3.7 Hs, 2H), 7.03 - 6.98 (m, 4H), 6.70 (d, J = 3.4 
Hs, 2H), 6.12 (s, 1H), 5.56 (s, 1H), 4.16 (t, J = 6.7 Hs, 2H), 2.82 (t, J = 7.5 Hs, 4H), 1.97 (s, 
3H), 1.72 - 1.67 (m, 8H), 1.36 - 1.31 (m, 20H), 0.92 (t, J = 6.7 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 145.17, 145.13, 136.25, 134.87, 133.96, 127.96, 124.59, 
124.33, 123.50, 123.06, 122.88, 64.33, 31.05, 29.69, 28.98, 28.82, 28.73, 28.55, 28.24, 28.11, 
25.47, 22.06, 17.81, 13.55. 
MS (EI+): m/z = 652.2527 [M]. 
M.P. = 156 ºC. 
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2.4.19 - 5-(11-Undecyl-(4-vinylbenzoate))-5'''-(hexyl)-2,2':5',2'':5'',2'''-quaterthiophene. 
 
 
 
4-Vinylbenzoic acid (0.095 g, 0.641 mmol), 5-(undecan-11-ol)-5'''-(hexyl)-2,2':5',2'':5'',2'''-
quaterthiophene (0.25 g, 0.427 mmol) and DMAP (2.61 mg, 0.021 mmol) were measured 
into a dry rbf, placed under an argon atmosphere, and dry DCM (100 ml) and THF (100 ml) 
was added.  N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide (0.113 ml, 0.641 mmol) was 
added via syringe and stirred for 16 h at 50 ºC before quenching with water (20 mL). The 
solvent was concentrated in vacuo to ~50 mL and more water was added (200 mL).  The 
precipitate was filtered and the residue was washed with water (2 x 50 mL) and methanol (50 
mL).  The residue was purified by column chromatography on silica, eluting with hot toluene 
(1% Et3N) to produce 5-(11-undecyl-(4-vinylbenzoate))-5'''-(hexyl)-2,2':5',2'':5'',2'''-
quaterthiophene (220 mg, 0.308 mmol, 72.0 % yield) as a red/orange solid.  
1
H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.4 Hs, 2H), 7.47 (d, J = 8.2 Hs, 2H), 7.04 (d, J = 
3.7 Hs, 2H), 7.01 - 6.96 (m, 4H), 6.76 (dd, J = 17.6, 10.9 Hs, 1H), 6.69 (dd, J = 3.5, 0.9 Hs, 
2H), 5.87 (dd, J = 17.6, 0.6 Hs, 1H), 5.39 (dd, J = 10.9, 0.4 Hs, 1H), 4.32 (t, J = 6.7 Hs, 2H), 
2.80 (t, J = 7.6 Hs, 4H), 1.82 - 1.64 (m, 6H), 1.48 - 1.26 (m, 20H), 0.91 (t, J = 6.9 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 166.45, 145.63, 141.82, 136.75, 136.07, 135.36, 134.46, 
129.84, 129.71, 126.07, 124.84, 124.00, 123.56, 123.37, 116.36, 65.10, 31.56, 30.18, 29.48, 
29.32, 29.26, 29.04, 28.74, 26.03, 22.56, 14.06. 
MS (EI+): m/z = 714.2720 [M]. 
M.P. = 148 ºC. 
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2.4.20 - Decyl 4-vinylbenzoate. 
 
 
 
4-Vinylbenzoic acid (0.2 g, 1.350 mmol), 1-decanol (0.215 ml, 1.125 mmol) and DMAP 
(6.87 mg, 0.056 mmol) were measured into a dry rbf, placed under an argon atmosphere, and 
dry DCM (50 ml) was added.  N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide (0.175 g, 
1.125 mmol) was added via syringe and stirred for 16 h at room temperature before 
quenching with water (10 mL).    The reaction mixture was washed with sat. aq. NH4Cl (30 
mL), sat. aq. Na2CO3 (30 mL) and water (30 mL), dried (MgSO4), concentrated in vacuo, 
then purified via flash colomn chormatography on silica, eluting with hexane and EtOAc (9: 
1 - 1% EtN3) to give decyl 4-vinylbenzoate (310 mg, 1.075 mmol, 96 % yield) as a clear, 
yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 8.01 (d, J = 8.4 Hs, 2H), 7.47 (d, J = 8.2 Hs, 2H), 6.77 (dd, J = 
17.6, 10.9 Hs, 1H), 5.87 (dd, J = 17.6, 0.6 Hs, 1H), 5.39 (dd, J = 10.9, 0.5 Hs, 1H), 4.32 (t, J 
= 6.7 Hs, 2H), 1.83 - 1.72 (m, 2H), 1.48 - 1.40 (m, 2H), 1.35 - 1.24 (m, 12H), 0.89 (t, J = 7.0 
Hs, 3H). 
13
C NMR (126 MHz, CDCl3) δ 166.44, 141.82, 136.08, 129.85, 129.71, 126.07, 116.34, 
65.11, 31.89, 29.54, 29.29, 28.74, 26.05, 22.67, 14.10. 
FT-IR (v/cm
-1
): 2956, 2924, 2855, 1716, 1610, 1466, 1312, 1177, 1103, 1030, 1017, 987, 
974, 914, 858, 782, 769, 737. 
MS (EI+): m/z = 289 [M + 1]. 
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2.4.21 - (1S,2R,4S)-Decyl bicyclo[2.2.1]hept-5-ene-2-carboxylate. 
 
 
 
5-Norbornene-2 exo-carboxylic acid (0.5 g, 3.62 mmol), 1-decanol (0.760 ml, 3.98 mmol) 
and DMAP (0.022 g, 0.181 mmol) were measured into a dry rbf, placed under an argon 
atmosphere, and dry DCM (50 ml) was added. N-(3-Dimethylaminopropyl)-N-
ethylcarbodiimide (0.769 ml, 4.34 mmol) as added via syringe and stirred for 2 hours.  The 
reaction mixture was washed with sat. aq. NH4Cl (30 mL), sat. aq. Na2CO3 (30 mL) and 
water (30 mL), dried (MgSO4), concentrated in vacuo, then purified via flash colomn 
chormatography on silica, eluting with hexane and EtOAc (9: 1 - 1% EtN3) to give 
(1S,2R,4S)-decyl bicyclo[2.2.1]hept-5-ene-2-carboxylate (0.98 g, 3.52 mmol, 97 % yield) as 
a clear, colourless oil. 
1
H NMR (500 MHz, CDCl3) δ 6.13 (ddd, J = 14.1, 5.6, 3.0 Hs, 2H), 4.12 - 4.03 (m, 2H), 3.05 
(s, 1H), 2.93 (s, 1H), 2.30 - 2.19 (m, 1H), 1.93 (dt, J = 11.8, 4.0 Hs, 1H), 1.68 - 1.59 (m, 2H), 
1.42 - 1.18 (m, 17H), 0.89 (t, J = 7.0 Hs, 3H). 
13
C NMR (126 MHz, CDCl3) δ 176.33, 138.03, 135.79, 64.60, 46.61, 46.36, 43.23, 41.63, 
31.88, 30.30, 29.51, 29.29, 29.24, 28.70, 25.94, 22.66, 14.09. 
MS (EI+): m/z = 278.  
FT-IR (v/cm
-1
): 2956, 2926, 2874, 2955, 1720, 1461, 1345, 1334, 1274, 1231, 1170, 1157, 
1112, 1034, 903, 860, 717. 
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2.4.22 - ROMP polymer synthesis 
Representative procedure for the ROMP of p-4T-1,2, and 3:   
 
 
 
To a solution of 5-(10-exo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid)-5'''-(hexyl)-
2,2':5',2'':5'',2'''-quaterthiophene (75 mg, 0.106 mmol) and bicyclo[2.2.1]hept-2-ene (5 eq, 50 
mg, 0.53 mmol/ 7.5 eq, 75 mg, 0.80 mmol/ 10 eq, 100 mg, 1.06 mmol)  in dry, de-gassed 
(Ar), chlorobenzene (2 ml), stirring at 1000 rmp under argon at 0 °C, was rapidly injected 
dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-imidasolidinylidene](benzylidene)bis(3-
bromopyridine)ruthenium(II) (3 mg, 3.2 µmol) in chlorobenzene  (0.1 mL). The mixture was 
allowed to stir for 30 min. The polymerisation was irreversibly terminated by the addition of 
ethyl vinyl ether (1 mL), and the volatiles were removed under vacuum using a rotary 
evaporator. The polymer was precipitated twice from CH2Cl2 (10 mL) with pentane (10 mL) 
and washed with hot methanol via Soxhlet extraction.  The residue was purified via recycling 
GPC to produce a red/orange polymer. 
p-4T-1: 25 mg (20.0 %), GPC : Mn = 6.9 x 10
4
 g mol
-1
/ Mw = 4.4 x 10
5
 g mol
-1
, Tg = 135 
˚
C. 
p-4T-2: 42 mg (28.0 %), GPC : Mn = 8.9 x 10
4
 g mol
-1
/ Mw = 7.8 x 10
5
 g mol
-1
, Tg = 132 ˚C. 
p-4T-3: 30 mg (17.1 %), GPC : Mn = 6.6 x 10
4
 g mol
-1
/ Mw = 4.2 x 10
5
 g mol
-1
, Tg = 126 ˚C. 
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Representative procedure for the ROMP of p-4T-4 and 5:   
 
 
 
To a solution of 5-(10-exo-Bicyclo[2.2.1]hept-5-ene-2-carboxylic acid)-5'''-(hexyl)-
2,2':5',2'':5'',2'''-quaterthiophene (70 mg, 0.10 mmol) and 1(1S,2R,4S)-decyl 
bicyclo[2.2.1]hept-5-ene-2-carboxylate (1 eq, 27 mg, 0.1 mmol / 2 eq, 55 mg, 0.2 mmol)  in 
dry, de-gassed (Ar), chlorobenzene (2 ml), stirring at 1000 rmp under argon at 0 °C, was 
rapidly injected dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-imidasolidinylidene] 
(benzylidene)bis(3-bromopyridine)ruthenium(II) (3 mg, 3 µmol) in chlorobenzene  (0.1 mL). 
The mixture was allowed to stir for 30 min. The polymerisation was irreversibly terminated 
by the addition of ethyl vinyl ether (1 mL), and the volatiles were removed under vacuum 
using a rotary evaporator. The polymer was precipitated twice from CH2Cl2 (10 mL) with 
pentane (10 mL) and washed with hot methanol via Soxhlet extraction.  The residue was 
purified via recycling GPC to produce a red/orange polymer. 
p-4T-4: 32 mg (32.8 %), GPC : Mn = 4.0 x 10
4
 g mol
-1
/ Mw = 1.2 x 10
5
 g mol
-1
, Tg = 120 
˚
C. 
p-4T-5: 60 mg (47.9 %), GPC : Mn = 7.2 x 10
4
 g mol
-1
/ Mw = 1.7 x 10
5
 g mol
-1
, Tg = 112 
˚
C. 
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3 - [1]Benzothieno[3,2-b][1]benzothiophene Materials. 
3.1 - Introduction. 
 
[1]Benzothieno[3,2-b][1]benzothiophene (BTBT) is an extended aromatic compound of two 
benzo[b]thiophene moieties fused at the thiophene b-bond with excellent organic 
semiconductor properties.  Di-alkylated BTBT, with octane, displays a high mobility of up to 
16.4 cm
2
V
-1
 s
-1
 on average when processed via inkjet printing [60] (Figure 3.1).  BTBT, and 
its naphthalene equivalent dinaphtho[2,3-b:2‟,3‟-f]thieno[3,2-b]thiophene (DNTT), were 
designed primarily to overcome the issue of oxidation of central aromatic rings in 
oligoacenes (discussed in the next chapter).  Replacing the most reactive carbons with sulfur, 
in the form of thieno[3,2-b]thiophene, created a molecule with a very similar geometry, while 
still retaining the low-lying HOMO levels and large band gap of 5.5 eV [61]. 
 
 
Figure 3.1 – a) Dioctylbenzothienobenzothiophene (C8-BTBT), b) Acene to BTBT/DNTT 
 
The crystal structure of BTBT shows the molecules taking an edge-to-face „herringbone‟ 
packing along the a-b plane with a monoclinic crystal system of a = 5.93 Å, b = 7.88 Å and c 
= 29.18 Å, with angle β = 92.44˚[62]. There exist two kinds of intermolecular S–S contacts 
shorter than the sum of van der Waals radii of sulfur atoms (3.70 Å) in an edge-to-edge 
manner (solid lines, d1 = 3.606) and a face-to-edge manner (dotted lines, d2 = 3.669) (Figure 
3.2).  
The morphology consists of a lamella packed structure of alternately stacked aliphatic layers 
with BTBT cores along the b-axis and a network of intermolecular, short S-S interactions 
increasing π-orbital stacking.  A lack of rotational bonds in the fused system assists the 
herringbone packing to quickly form and strong intermolecular overlap, through sulfur 
contacts, facilitates high-performance 2D charge-carrier transport OFET devices [63, 64].  
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The BTBT core first appeared as a semi-conducting material of merit in 2007 [63] with field-
effect mobility higher than 1.0 cm
2
 V
-1
 s
-1
 and Ion/Ioff of ~10
7 
with carbon chain lengths 
ranging from five to fourteen.  The highest performing chain lengths, 8, 10 and 12, were 
further refined to produce field-effect mobilities of up to 2.9, 2.7 and 3.9 cm
2
 V
-1
 s
-1
 
respectively, while maintaining the same on/off ratio [62]. This accumulated to the 
production of inkjet printed, thin-film transistors of C8-BTBT with the mobilities as high as 
31.3 cm
2
 V
-1
 s
-1
, using dry DMF as a pre-printed anti-solvent before applying a 28 mM 
solution of C8-BTBT in DCB [60]. 
Synthesis of BTBT has traditionally been a two-step processes involving the McMurry 
coupling of 2-chlorobenzaldehyde with low-valence titanium(IV) chloride and sinc powder to 
give an olefin intermediate (Figure 3.3) [61].  Reaction with sodium hydrosulfide hydrate and 
sulfur gave BTBT in moderate yields up to 44 % [65].  Similarly, DTTN synthesis would 
selectively lithiate the 3-position of 2-naphthaldehyde and reacted with dimethyldisulfide, 
followed by a M
c
Murry coupling, and treated with excess iodine to effect the ring-closing 
reaction.  This produced DTTN in yields of around 40 % for the whole synthesis. 
 
Figure 3.3 – Multi-step synthesis of BTBT and DTTN. 
 
Figure 3.2 - Crystal structure of 
C8-BTBT:  (a) b-axis 
projection representing a 
lamella structure and (b) c-axis 
projection representing 
molecular arrangement in the 
BTBT layer (alkyl group 
omitted). 
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Both reaction routes are low yielding and laborious due to many steps, producing numerous 
ill-defined side products during the ring-closing reaction. A simpler, one-step synthesis of 
BTBT has been recently published that uses cheap, readily available chemicals, with no 
heavy metals, and was applied in this project [66]. 
In this chapter, the synthesis of an asymmetrically alkylated BTBT molecule was developed, 
with functionality suitable for self assembled monolayers and polymerisation.  The objective 
is to repeat the successful ring opening metathesis polymerisations of the previous 
quaterthiophene chapter and try new routes for grafting to polysiloxane polymers to produce 
transistor materials. 
 
3.2 - Synthesis 
 
The synthesis of asymmetric [1]benzothieno[3,2-b][1]benzothiophene (BTBT) analogues for 
organic electronics will involve the addition of an alkyl chain containing a second functional 
group to a BTBT core with a second un-functionalised alkyl chain on the other side (Figure 
3.4).  The second functionality will be used for the addition of polymerisable and SAM 
groups and should ideally be exploitable after attachment to BTBT for optimal atom 
economy. 
 
 
Figure 3.4 - Retrosynthesis of BTBT pendant 
 
A simple, one-step synthesis of BTBT from cheap, commercially available starting materials 
was used to create sufficient amounts of the aromatic core (Figure 3.5)[66].  Although the 
reaction is low yielding, 2-chlorobenzaldehyde and sodium hydrosulfide hydrate cost only 
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£35 /500 g and £26 /1 kg respectively, which allowed for large scale production.  Although 
the yield is significantly smaller than the literature (39 %), enough material was still 
produced to make it worthwhile.  The low yield is attributed to a difficult recrystallisation and 
handling issues due to the strong smelling nature of the chemicals.      
 
 
Figure 3.5 – One-step synthesis of BTBT. 
 
Bromination of BTBT was initially attempted with n-bromosuccinimide (NBS) but was 
unsuccessful, with only starting material detected.  However, bromine reacted with BTBT but 
with less than twenty percent yield.  Reaction of 2.5 equivalents of Br2 at 0˚C for eighteen 
hours followed by another 2.5 equivalents for a further six hours, produced 2,7-
dibromo[1]benzothinopheno[3,2-b]benzothiophene (Br2BTBT) (Figure 3.6).  The yield could 
have been improved with addition of more bromine and further recrystallisations but enough 
material was produced for test reactions to assess if repetition was worthwhile.  
 
 
Figure 3.6 – Bromination of BTBT. 
 
The strategy for the addition of asymmetric alkyl groups involved the Sonogashira coupling 
of 1-octyne once onto BTBT followed by a longer alkyne with a second functional group, in 
this case 1-t-butyldimethylsiloxyl-10-undecyne.  Reduction of the triple bonds and 
deprotection of the alcohol provided a means of adding monomer and SAM functionality 
(Figure 3.7). 
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Figure 3.7 – Retrosynthesis of BTBT asymmetric alkylation.  
 
Mono-addition of 1-octyne to Br2BTBT via Sonogashira coupling was attempted using a 
variety of conditions, primarily utilising a microwave reactor but including a solution phase 
reaction for comparison (Figure 3.8).   Three different catalysts and two different ligands, in 
the presence of caesium carbonate and 1,8-diasabicycloundec-7-ene (DBU), produced yields 
of less than ten percent.  It is hypothesised that the arylbromides are not reactive enough and 
that an aryliodide would be needed for this route to be successful.   2,7-
Diiodo[1]benzothiopheno[3,2-b]benzothiophene could be synthesised via an alternative 
route, consisting of ring closing commercially available disodium 4,4„-dinitrostilbene-2,2„-
disulfonate, reducing the nitroxides to amines, and converting them to iodide [67], but this 
would be time consuming and increase cost so utilising chemistry that used materials already 
synthesised was implemented.  
 
 
 
 
Figure 3.8 – Table of attempted Sonogashira coupling reactions. 
Catalyst Ligand Temp (˚C) Base Time (min) Solvent 
Pd(PPh3)4 - 180 (mw) Cs2CO3, Et3N 10 DMF 
Pd(PPh3)4 - 180 (mw) Cs2CO3, DBU 20 DMF 
Pd2(dba)3 P(o-tol)3 180 (mw) Cs2CO3, DBU 20 DMF 
Pd2(dba)3 P(o-tol)3 150 (mw) Cs2CO3, DBU 30 toluene 
Pd2(dba)3 P(o-tol)3 120 (sol) Cs2CO3, DBU 600 toluene 
PdCl2(PPh3)2 P(t-Bu)3 150 (mw) Cs2CO3, DBU 20 DMF 
PdCl2(PPh3)2 P(t-Bu)3 150 (mw) Cs2CO3, DBU 20 DMF 
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Friedel–Crafts acylation of BTBT with an acid chloride and aluminium chloride at low 
temperature produced mono-ketone [1]benzothienopheno[3,2-b]benzothienophene-2-octan-1-
one in near quantitative yields [68] (Figure 3.9).  The ketone was reduced using two and a 
half equivalents of aluminium chloride and lithium aluminium hydride to generate 2-octyl-
[1]benzothienopheno[3,2-b]benzothienophene in quantitative yields [69].  These conditions 
were repeated with 2-octyl-[1]benzothienopheno[3,2-b]benzothienophene and 11-
bromoundecanoic acid chloride, synthesised from 11-bromoundecanoic acid and oxalyl 
chloride, to produce 2-octyl-7-(11-bromoundecan-1-one)[1]benzothienopheno[3,2-
b]benzothienophene then 2-octyl-7-(11-bromoundecane)[1]benzothienopheno[3,2-
b]benzothienophene (alkylbromo-BTBT) in high yields.  The Friedel–Crafts acylation of 
[1]benzothienopheno[3,2-b]benzothienophene-2-octan-1-one with 11-bromoundecanoic acid 
chloride was attempted but the product was produced in yields of less than ten percent.  The 
electron withdrawing effects of the ketone reduce the activity of the 7-position on 
[1]benzothienopheno[3,2-b]benzothienophene-2-octan-1-one, requiring the extra reduction to 
the more reactive, electron donating, alkyl BTBT.   
 
 
Figure 3.9 – Synthesis of asymmetric BTBT. 
 
The alkylbromo-BTBT underwent a series of nucleophilic eliminations, via a Sn2 
mechanism, for the addition of various functional groups.  cis-5-Norbornene-endo-2,3-
dicarboxylic imide, synthesised from the anhydride and ammonium acetate [70], successfully 
eliminated the bromide in the presence of base to produce ROMP monomer 2-octyl-7-(11-
(cis-5-norbornene-endo-2,3-dicarboxylicimide)undecane)[1]benzothienopheno[3,2-b] 
benzothienophene (norbornene-BTBT) in near quantitative yields (Figure 3.10).  1-Decyl(cis-
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5-norbornene-endo-2,3-dicarboxylic) imide (alkyl-norbornene2) was also synthesised from 
the anhydride and 1-decylamine, using a Dean-Stark apparatus, to be used as a co-monomer  
[71]. 
 
 
Figure 3.10 – Synthesis of BTBT ROMP monomer. 
 
Addition of the thiol functionality came from reacting potassium thioacetate with 
alkylbromo-BTBT using a microwave reactor to produce 2-octyl-7-(11-
thioacetateundecane)[1]benzothienopheno[3,2-b]benzothienophene (thioester-BTBT) in very 
high yields (Figure 3.11).  The thioester-BTBT was not hydrolysed to thiol-BTBT but kept as 
a protecting group for the easily oxidised thiol.  The thioester is sufficiently stable in cold, 
inert storage while labile enough to react with gold substrates in situ for SAMs. 
 
 
Figure 3.11 – Synthesis of BTBT thiol SAM. 
 
A phosphoric acid group was desired to react with aluminium oxides for SAMs. This was 
attempted to be added to alkylbromo-BTBT via an Arbusov reaction with triethyl phosphate 
and catalytic potassium iodide to produce 2-octyl-7-(11-(diethoxyphosphoryl)undecane) 
[1]benzothienopheno[3,2-b]benzothienophene (phosphate-BTBT) (Figure 3.12).  However, 
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attempts to add the phosphonate via reaction at room temperature, thermal and microwave 
heating were made but NMR analysis showed a large amount of noise in the aromatic region 
that proved that the impurities could not removable via recrystallisation.  As the phosphoric 
acid cannot be purified by column chromatography it was decided to abandon the phosphate-
BTBT as it did not pass purity standards. 
 
Figure 3.12 – Attempted synthesis of BTBT phosphoric acid SAM. 
Conversion of an alkyl bromide to a terminal alkene via E2 elimination was attempted with 
alkylbromo-BTBT, with the intent of using thiol-ene radical chemistry to graft the alkene-
BTBT onto poly(mercaptopropyl)methylsiloxane (Figure 3.13).   
 
Figure 3.13 – Attempted BTBT graft onto polysiloxane. 
 
Literature suggests the use of bulky, non-nucleophilic bases [72] such as potassium t-
butoxide and 1,8-diasabicycloundec-7-ene (DBU) but using both bases under a variety of 
conditions only produced the alkene in small amounts with inseparable, unknown side 
products (Figure 3.14).  
 
 
87 
 
 
 
 
Figure 3.14 – Attempted E2 elimination of BTBT. 
 
It was decided to abandon this route and react alkylbromo-BTBT directly with base-activated 
poly(mercaptopropyl)methylsiloxane as a means of grafting the pendant to the polymer.    
 
3.3 - Polymerisation 
 
 
 
Norbornene-BTBT underwent ROMP polymerisation with bicyclo[2.2.1]hept-2-ene 
(norbornene) or the alkyl-norbornene2 as co-monomers in different ratios using 0.03 
equivalents, per norbornene-BTBT, of dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-
imidasolidinylidene](benzylidene) bis(3-bromopyridine)ruthenium(II) as catalyst (Figure 
3.15).  The table in Figure 3.15 displays the number-averaged molecular weight (Mn), 
average molecular weight (Mw), theoretical average molecular weight (tMn), and the 
polydispersity index (PDI) of the corresponding polymers.  Polymers with the norbornene co-
monomer produced very poor Mn and PDI, while polymers with the alkyl-norbornene2 co-
monomer produced a Mn very close to the tMn and a small PDI.  It is hypothesised that the 
rigidity of the poly-norbornene reduces the solubility, causing gelation, preventing high 
molecular weights from being formed while the copoly-(alkyl/BTBT)norbornenes had 
sufficient solubility to allow for propagation of the polymer chain. 
 
 
Base 
(2eq) 
Temp 
(˚C) 
Time 
(min) 
Solvent 
t-BuOK 180 (mw) 20 DMSO 
t-BuOK 180 (mw) 60 DMSO 
t-BuOK 150 (mw) 20 toluene 
t-BuOK 150 (mw) 60 toluene 
t-BuOK 150 ( sol) 960 DMSO 
Base 
(2eq) 
Temp 
(˚C) 
Time  
(min) 
Solvent 
DBU 180 (mw) 20 DMSO 
DBU 180 (mw) 60 DMSO 
DBU 150 (mw) 20 toluene 
DBU 150 (mw) 60 toluene 
DBU 150 ( sol) 960 DMSO 
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*(Determined by gel permeation chromatography in chlorobenzene relative to monodispersed polystyrene standards.) 
** (Ratio of co-monomers in polymer measured by 1H NMR – (norbornene/ alkyl-norbornene2): norbornene-BTBT) 
 
Figure 3.15 – Polymerisation of norbornene-BTBT. 
 
 
NMR analysis of the polymers show key hydrogen peaks that quantify the ratio of co-
polymerisation between the monomers.  Peaks at 7.7 ppm correspond to the aromatic 
hydrogens in the 3, 4, 5 and 6 positions of BTBT, integrating at 4 for every BTBT monomer, 
and give the most distinct signals for the monomer.  p-BTBT1, 2 and 3 have distinct peaks at 
5.2 and 5.3 corresponding to the respective S and E polymer backbone alkenes formed from 
norbornene ring opening and peaks at 5.5 and 5.8 corresponding to the respective S and E 
alkenes formed from norbornene-BTBT (Figure 3.16).  Due to the broadness of polymer 
1
H 
NMR signals, accurate integration of the individual peaks is not possible so all were 
integrated together, from 5.1 to 5.8,  to give the total number of vinyl backbone hydrogens 
per monomer.  The ratio of co-monomers was measured given that there are two vinyl bonds 
per monomer; subtract two from the total vinyl peak integration for the BTBT monomer, then 
divide by two for the number of norbornene co-monomers as given in table 3.15.  p-BTBT1 
showed a poor incorporation of norbornene relative to the BTBT, roughly half of the 
expected amount, while p-BTBT2 and 3 had approximately the calculated ratio.  It is 
suspected that this is the result of the same factors that caused the polymers to have a poor 
molecular weight, aggregation and gelation that prevented the polymerisation to take place 
sufficiently.    
        
Polymer Co-monomer Eq Mn (kg/mol)
* 
Mw (kg/mol)
* 
tMn (kg/mol) PDI Ratio
**
 
p-BTBT1 Norbornene 5 13 49 228 3.7 2.5: 1 
p-BTBT2 Norbornene 7.5 9.7 61 389 6.3 7: 1 
p-BTBT3 Norbornene 10 8.6 44 590 5.1 10: 1 
p-BTBT4 Alkyl-norbornene2 1 69 89 65 1.3 1: 1 
p-BTBT5 Alkyl-norbornene2 2 104 160 127 1.5 2: 1 
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Figure 3.16 
 
Similarly, p-BTBT4 and 5 only have peaks at 5.5 and 5.8 as the co-monomers have the same 
polymerisable group (Figure 3.17).  The ratio between the aromatic and vinyl hydrogen peaks 
corresponds well with the predicted values given the ratio of co-monomers polymerised.  
Combined with the molecular weight data, the strategy of using co-monomers with an alkyl 
chain has been successful in producing polymers of the desired sise and form. Further 
analysis and performance of these ROMP BTBT materials will be discussed in chapter 4. 
 
 
 
 
Figure 3.17 
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Grafting the BTBT pendant onto a polysiloxane backbone was accomplished by reacting 
poly(mercaptopropyl)methylsiloxane (PMPS) with sodium hydride, in dry THF, before the  
addition of alkylbromo-BTBT in various ratios and reacted for 16 hours (Figure 3.18). The 
reaction mixtures were quenched, concentrated and washed with hot methanol; attempts at 
prolonged soxhlet extraction with methanol pulled all the material through.   
 
 
 
 
Figure 3.18 – BTBT thiol graft. 
 
NMR analysis of the materials was difficult to interpret, with inconsistent peak integrations 
with regard to the silicon methyl group compared to other aliphatic peaks and the absence of 
thiol ether peaks.  Also, GPC analysis was unreliable as the materials produced negative 
peaks and integrated badly.  The cause of this is unknown but suspected to be due to the 
thiols interacting with the GPC column.  Due to a lack of useable results, pursuit of 
polysiloxane grafted materials was abandoned.       
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3. 5 - BTBT Experimental. 
3.4.1 - [1]Benzothieno[3,2-b][1]benzothiophene. 
 
 
 
Sodium hydrosulfide hydrate (80 g, 1423 mmol) was heated at 80 ºC until dissolved in NMP 
(500 mL) and then o-chlorobenzaldehyde (80 mL, 711 mmol) was added and heated at 180 
ºC over night. The resulting mixture was poured into a sat. aq. ammonium chloride ( 500 mL) 
and extracted with toluene (3 x 200 mL). The combined extract was washed with water (300 
mL), dried (MgSO4), and concentrated in vacuo. The residue was purified by flash column 
chromatography on silica gel eluted with hexane, followed by recrystallisation from toluene 
to give [1]benzothieno[3,2-b][1]benzothiophene (15 g, 62.4 mmol, 8.77 % yield) as a white 
solid.  
1
H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 7.9 Hs, 2H), 7.93 (d, J = 7.8 Hs, 2H), 7.50 (t, J = 
7.4 Hs, 2H), 7.44 (t, J = 7.5 Hs, 2H). 
13
C NMR (101 MHz, CDCl3) δ 142.28, 133.46, 133.13, 125.03, 124.90, 124.06, 121.63. 
MP 215 ºC  
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3.4.2 - 2,7-Dibromo[1]benzothinopheno[3,2-b]benzothiophene. 
 
 
A solution of [1]benzothieno[3,2-b][1]benzothiophene (3 g, 12.48 mmol) in CHCl3 (400 mL) 
(solubilised with a heat gun) and acetic acid (40 mL) was placed under argon. The reaction 
mixture was then cooled down to 0 ºC, protected against light before the dropwise addition of 
bromine (1.599 ml, 31.2 mmol).  The solution was stirred overnight at room temperature 
before the addition of another 2.5 eq of Br2 at 0 ºC. After 6 h, the reaction mixture 
precipitated and was quenched with 2M NaOH(aq) and filtered. The solid was washed with 
water and then acetone before recrystallisation in hot CHCl3, with the mono-substituted and 
unreacted starting material remaining in solution, providing a white solid of 2,7-
dibromo[1]benzothiopheno[3,2-b]benzothiophene (0.95 g, 2.386 mmol, 19.12 % yield) 
 
1
H NMR (400 MHz, DMSO) δ 8.52 (s, 2H), 8.07 (d, J = 8.9 Hs, 2H), 7.70 (d, J = 7.7 Hs, 2H). 
M.P. = 300 ºC. 
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3.4.3 - [1]Benzothienopheno[3,2-b]benzothienophene-2-octan-1-one 
 
 
 
[1]Benzothieno[3,2-b][1]benzothiophene (4 g, 16.64 mmol) was disolved in dry 
dichloromethane (200 mL), under argon, followed by the addition of aluminum chloride 
(5.55 g, 41.6 mmol) at -10 °C.  The solution was cooled to -78 °C and octyl acid chloride 
(3.04 ml, 18.31 mmol) was added dropwise, and the mixture was stirred for 1h at the same 
temperature. The reaction mixture was allowed to stand without cooling and stirred for 3 h at 
rt. The reaction mixture was cooled to 0 ºC, quenched with ice water (10 mL), and diluted 
with methanol to give a precipitate. The precipitate was filtered and washed with water (2 x 
50 mL)and methanol (2 x 50 mL), then dried in vacuo to give [1]benzothienopheno[3,2-
b]benzothienophene-2-octan-1-one (6 g, 16.37 mmol, 98 % yield) as white solid.  
 
1
H NMR (400 MHz, CDCl3) δ 8.56 (d, J = 0.8 Hs, 1H), 8.06 (dd, J = 8.3, 1.4 Hs, 1H), 7.99 - 
7.87 (m, 3H), 7.49 (pd, J = 7.1, 1.2 Hs, 2H), 3.08 (t, J = 7.4 Hs, 2H), 1.88 - 1.76 (q, J = 7.4 
Hs, 2H), 1.51 - 1.26 (m, 8H), 0.93 (t, J = 6.8 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 199.60, 142.81, 142.24, 136.93, 136.24, 133.63, 132.98, 
132.77, 125.84, 125.14, 124.71, 124.53, 124.16, 122.07, 121.37, 38.83, 31.76, 29.41, 29.21, 
24.56, 22.67, 14.13. 
FT-IR (v/cm-1):  2956, 2919, 2852, 1677 (strong, C=O), 1586, 1463, 1426, 1385, 1342, 1321, 
1295, 1275, 1252, 1226, 1191, 984, 952, 900, 811, 770. 
MS (EI) m/z = 366 (M). 
M.P. = 163 ºC. 
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3.4.4 - 2-Octyl-[1]benzothienopheno[3,2-b]benzothienophene 
 
 
 
To a stirred suspension of aluminium chloride (4.55 g, 34.1 mmol) in dry diethyl ether (50 
mL), under argon, was added lithium aluminium hydride, 1 M solution in Et2O (34.1 ml, 34.1 
mmol) dropwise. To the resulting reaction mixture, a solution of [1]benzothienopheno[3,2-
b]benzothienophene-2-octan-1-one (5 g, 13.64 mmol) in dry dichloromethane (300 mL) was 
slowly added dropwise and was stirred at room temperature overnight. The reaction was 
quenched by cooling to 0 ºC and adding ice water, then 2 M HCl was added until acidic pH 
was achieved. The reaction was extracted with dichloromethane (2 × 100 mL), the combined 
organic phases were washed with sat. aq. NaCl (2 x 100 mL), water (100 mL), dried over 
MgSO4, and concentrated in vacuo to give 2-octyl-[1]benzothienopheno[3,2-
b]benzothienophene (4.8 g, 13.61 mmol, 100 % yield) as a white solid.  
1
H NMR (400 MHz, CDCl3) δ 7.93 (dt, J = 7.9, 1.0 Hs, 1H), 7.89 (dt, J = 7.8, 1.0 Hs, 1H), 
7.81 (d, J = 8.1 Hs, 1H), 7.74 (d, 1.4 Hs, 1H), 7.47 (td, J = 7.5, 1.1 Hs, 1H), 7.40 (td, J = 7.4, 
1.1 Hs, 1H), 7.31 (dd, J = 8.1, 1.4 Hs, 1H), 2.81 - 2.76 (t, J = 7.8 Hs, 2H), 1.72 (dt, J = 15.3, 
7.7 Hs, 2H), 1.39 - 1.28 (m, 10H), 0.91 (t, J = 6.9 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 142.60, 142.10, 140.42, 133.41, 133.29, 132.60, 131.03, 
125.92, 124.82, 124.71, 124.00, 123.37, 121.42, 121.27, 36.15, 31.90, 31.71, 29.50, 29.33, 
29.27, 22.68, 14.12. 
FT-IR (v/cm-1):  3049, 2958, 2919, 2874, 2850, 1677 (weak), 1590, 1551, 1465, 1450, 1429, 
1411, 1379, 1336, 1299, 1269, 1254, 1228, 1193, 1165, 1126, 1070, 1057, 1016, 986, 952, 
932, 891. 
MS (EI) m/z = 352 (M). 
M.P. = 112 ºC. 
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3.4.5 - 2-Octyl-7-(11-bromoundecan-1-one)[1]benzothienopheno[3,2-b]benzothienophene 
 
 
 
11-Bromoundecanoic acid (0.752 g, 2.84 mmol) was dissolved in dry dichloromethane (200 
mL), under argon, followed by the addition of oxalyl chloride (0.336 ml, 3.97 mmol).  Four 
drops of dry DMF were added and the mixture was stirred for one hours until the evolution of 
gas ceased.  The reaction mixture was concentrated in vacuo to remove the solvents and 
excess oxalyl chloride before taking onto the next step. 2-Octyl-[1]benzothienopheno[3,2-
b]benzothienophene (1 g, 2.84 mmol) was dissolved in dry dichloromethane (200 mL), under 
argon, followed by the addition of aluminium chloride (0.378 g, 2.84 mmol) at -10 °C.  The 
solution was cooled to -78 °C and 11-bromoundecanoic acid chloride (0.805 g, 2.84 mmol) 
was added drop-wise, and the mixture was stirred for 1h at the same temperature. The 
reaction mixture was allowed to stand without cooling and stirred for 3 h at rt. The reaction 
mixture was cooled to 0 ºC, quenched with ice water (10 mL), and diluted with methanol to 
give a precipitate. The precipitate was filtered and washed with water (2 x 50 mL) and 
methanol (2 x 50 mL), then dried in vacuo to give 2-octyl-7-(11-bromoundecan-1-
one)[1]benzothienopheno[3,2-b]benzothienophene (1.5 g, 2.501 mmol, 88 % yield) as a 
white solid.  
1
H NMR (400 MHz, CDCl3) δ 8.56 (d, J = 1.0 Hs, 1H), 8.07 (dd, J = 8.4, 1.5 Hs, 1H), 7.92 
(d, J = 8.4 Hs, 1H), 7.85 (d, J = 8.2 Hs, 1H), 7.76 (d, J = 0.6 Hs, 1H), 7.33 (dd, J = 8.2, 1.4 
Hs, 1H), 3.43 (t, J = 6.9 Hs, 2H), 3.08 (t, J = 7.4 Hs, 2H), 2.80 (t, J = 7.3 Hs, 2H), 1.92 - 1.68 
(m, 6H), 1.46 - 1.26 (m, 23H), 0.91 (t, J = 6.9 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 199.08, 142.69, 141.57, 140.91 (2C), 135.97, 132.89, 131.67, 
130.20, 125.70, 124.19, 124.02, 122.94, 121.24, 120.66, 38.26, 35.68, 33.51, 32.32, 31.36, 
31.12, 29.19, 28.96, 28.92, 28.87, 28.80, 28.74, 28.24, 27.66, 24.04, 22.15, 13.58. 
FT-IR (v/cm-1):  2960, 2917, 2850, 1679 (C=O strong), 1584, 1463, 1403, 1383, 1366, 1340, 
1303, 1279, 1256, 1245, 1219, 1198, 1137, 1092, 1077, 1051, 1036, 1103, 978, 952, 906, 
878, 825, 780, 710, 650. 
MS (EI) m/z = 599 (M).  M.P. = 135 ºC. 
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3.4.6 - 2-Octyl-7-(11-bromoundecane)[1]benzothienopheno[3,2-b]benzothienophene 
 
 
 
To a stirred suspension of aluminum chloride (0.834 g, 6.25 mmol) in dry diethyl ether (50 
mL), under argon, was added lithium aluminium hydride, 1 M solution in Et2O (6.25 ml, 
6.25 mmol) dropwise. To the resulting reaction mixture, a solution of 2-octyl-7-(11-
bromoundecan-1-one)[1]benzothienopheno[3,2-b]benzothienophene (1.5 g, 2.501 mmol) in 
dry dichloromethane (300 mL) was slowly added dropwise and was stirred at room 
temperature overnight. The reaction was quenched by cooling to 0 ºC and adding ice water, 
then 2 M HCl was added until acidic pH was achieved. The reaction was extracted with 
dichloromethane (2 × 100 mL), the combined organic phases were washed with sat. aq. NaCl 
(2 x 100 mL), water (100 mL), dried over MgSO4, and concentrated in vacuo to give 2-octyl-
7-(11-bromoundecane)[1]benzothienopheno[3,2-b]benzothienophene (1.45 g, 2.475 mmol, 
99 % yield) as a white solid.  
 
1
H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 8.1 Hs, 2H), 7.71 (s, 2H), 7.28 (d, J = 8.6 Hs, 2H), 
3.41 (t, J = 6.9 Hs, 2H), 2.77 (t, 7.8 Hs, 4H), 1.86 (dt, J = 15.2, 6.9 Hs, 2H), 1.71 (dt, J = 15.3, 
7.7 Hs, 4H), 1.46 - 1.23 (m, 25H), 0.90 (t, J = 7.0 Hs, 3H). 
13
C NMR (126 MHz, CDCl3) δ 142.41, 140.09, 140.03, 132.55, 131.20, 125.83, 123.33, 
121.07, 36.12, 34.03, 32.84, 31.89, 31.71, 31.67, 29.50, 29.41, 29.33, 29.26, 28.76, 28.18, 
22.67, 14.10. 
FT-IR (v/cm-1): 3050, 2960, 2919, 2850, 2731, 2650, 1597, 1549, 1461, 1441, 1407, 1336, 
1305, 1286, 1262, 1236, 1210, 1187, 1135, 1092, 1055, 1016, 950, 874, 814, 792. 
MS (EI) m/z = 585 (M). 
M.P. = 72 ºC. 
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3.4.7 - cis-5-Norbornene-endo-2,3-dicarboxylic imide  
 
 
 
A solution of cis-5-norbornene-endo-2,3-dicarboxylic anhydride (1 g, 6.09 mmol) and 
ammonium acetate (0.470 g, 6.09 mmol) in acetic acid (10 ml) was stirred at 140 °C for 16 
hours.  The reaction mixture was diluted with water (100 mL) and extracted with EtOAc (3 × 
100 mL).  The combined organic layers were dried (MgSO4) and concentrated in vacuo to 
produce cis-5-norbornene-endo-2,3-dicarboxylic imide as a white solid.  
 
1
H NMR (400 MHz, CDCl3) δ 7.92 (bs, 1H), 6.31 (t, J = 1.8 Hs, 2H), 3.33 (m, 2H), 2.76 (d, J 
= 1.4 Hs, 2H), 1.60 (ddt, J = 9.8, 2.9, 1.4 Hs, 1H), 1.49 (ddt, J = 9.8, 2.9, 1.4 Hs, 1H).  
13
C NMR (101 MHz, CDCl3) δ 177.29, 137.27, 48.65, 44.69, 42.44. 
FT-IR (v/cm-1): 3165, 3143, 3072, 2999, 2973, 2949, 1759, 1715, 1685, 1422, 1388, 1336, 
1182, 978, 924, 898, 854. 
MS (EI) m/z = 163 (M). 
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3.4.8 - 2-Octyl-7-(11-(cis-5-norbornene-endo-2,3-dicarboxylicimide)undecane) 
[1]benzothienopheno[3,2-b]benzothienophene 
 
 
 
2-Octyl-7-(11-bromoundecane)[1]benzothienopheno[3,2-b]benzothienophene (0.5 g, 0.854 
mmol), cis-5-norbornene-endo-2,3-dicarboxylic imide (0.209 g, 1.280 mmol) and potassium 
carbonate (0.177 g, 1.280 mmol), in dry DMF (50 ml) and dry THF (50.0 ml), were refluxed 
overnight under N2.  The reaction mixture was cooled to room temperature and the THF was 
removed in vacuo.  Water (50 mL) was added to the reaction mixture and the precipitate was 
filtered, washed with water (50 mL) and methanol (50 mL), then dried in vacuo to give 2-
octyl-7-(11-(cis-5-norbornene-endo-2,3-dicarboxylicimide)undecane) 
[1]benzothienopheno[3,2-b]benzothienophene (560 mg, 0.838 mmol, 98 % yield) as a white 
solid. 
 
1
H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 8.1 Hs, 2H), 7.73 (d, 1.3 Hs, 2H), 7.29 (dd, J = 
8.1, 1.3 Hs, 2H), 6.30 (t, J = 1.7 Hs, 2H), 3.47 (t, 2H), 3.47 (t, J = 7.5 Hs, 2H), 2.77 (t, J = 7.6 
Hs, 2H), 2.68 (d, J = 1.0 Hs, 2H), 1.71 (dd, J = 14.2, 7.0 Hs, 2H), 1.64 - 1.47 (m, 3H), 1.47 - 
1.13 (m, 26H), 0.91 (t, J = 6.9 Hs, 3H). 
13
C NMR (101 MHz, CDCl3) δ 177.62, 141.89, 139.56, 137.33, 132.03, 130.68, 125.33, 
122.83, 120.57, 47.30, 44.66, 42.21, 38.26, 35.63, 31.40, 31.23, 29.00, 28.92, 28.83, 28.78, 
28.63, 27.28, 26.46, 22.18, 13.63. 
FT-IR (v/cm-1): 2921, 2852, 1769, 1694, 1599, 1562, 1461, 14611396, 1366, 1338, 1305, 
1286, 1256, 1286, 1256, 1208, 1169, 1141, 1101, 1073, 1055, 1036, 1014, 950, 880. 
MS (EI) m/z = 668.3567 (M). 
M.P. = 69 ºC. 
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3.4.9 - 1-Decyl(cis-5-norbornene-endo-2,3-dicarboxylic) imide 
 
 
 
Cis-5-norbornene-endo-2,3-dicarboxylic anhydride (1 g, 6.09 mmol), 1-decylamine (1.218 
ml, 6.09 mmol), and triethylamine (1.202 ml, 6.09 mmol) were refluxed in dry toluene (50 
ml), under argon, for 16 h with a Dean-Stark apparatus. The reaction mixture was cooled, 
concentrated in vacuo, and dissolved in dicholormethane (100 mL). This was washed with 
0.1 M HCl (4 x 50 mL), brine (50 mL), and water (50 mL), dried (MgSO4), and concentrated 
in vacuo.  The material was purified via flash column chromatography (silica gel, 1% 
triethylamine - 20% ethyl acetate in hexane) and concentrated in vacuo to give 1-decyl(cis-5-
norbornene-endo-2,3-dicarboxylic) imide (1.6 g, 5.27 mmol, 87 % yield) as a clear colourless 
oil. 
 
1
H NMR (400 MHz, CDCl3) δ 6.30 (t, J = 1.8 Hs, 2H), 3.47 (t, J = 7.5 Hs, 2H), 3.31 - 3.26 
(m, 2H), 2.68 (d, J = 1.2 Hs, 2H), 1.54 (m, 3H), 1.35 - 1.20 (m, 15H), 0.90 (t, J = 6.9 Hs, 3H). 
13
C NMR (126 MHz, CDCl3) δ 178.07, 137.83, 47.79, 45.16, 42.70, 38.76, 31.86, 29.48, 
29.43, 29.24, 29.13, 27.76, 26.95, 22.65, 14.08. 
MS (EI) m/z = 303.2191 (M). 
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3.4.10 - 2-Octyl-7-(11-thioacetateundecane)[1]benzothienopheno[3,2-b]benzothienophene 
 
 
 
2-Octyl-7-(11-bromoundecane)[1]benzothienopheno[3,2-b]benzothienophene (200 mg, 0.341 
mmol) and potassium thioacetate (58.5 mg, 0.512 mmol), in dry THF (5 ml)  and DMF (5.00 
ml)under N2, were heated at 150 ºC for 10 min in a microwave.  The reaction mixture was 
cooled added to water (50 mL).  The precipitate was filtered then washed with water (50 mL) 
and methanol (50 mL), then dried in vacuo to give 2-octyl-7-(11-
thioacetateundecane)[1]benzothienopheno[3,2-b]benzothienophene (190 mg, 0.327 mmol, 96 
% yield) as a white solid. 
1
H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 8.1 Hs, 2H), 7.71 (s, 2H), 7.29 (d, J = 8.1 Hs, 2H), 
2.87 (t, J = 7.3 Hs, 2H), 2.76 (t, J = 7.6 Hs, 4H), 2.33 (s, 3H), 1.71 (q, J = 7.0 Hs, 4H), 1.57 
(m, 4H), 1.41 - 1.20 (m, 24H), 0.89 (t, J = 7.0 Hs, 3H). 
13
C NMR (126 MHz, CDCl3) δ 142.41, 140.07, 140.05, 132.54, 131.20, 125.83, 123.33, 
121.06, 36.12, 31.88, 31.69, 30.63, 29.52, 29.49, 29.44, 29.32, 29.26, 29.16, 29.10, 28.81, 
22.66, 14.09. 
M.P. = 108 ºC 
MS (EI) m/z = 580.2865 (M). 
 
 
 
113 
 
 
 
 
 
 
 
 
 
 
 
 
  
114 
 
3.4.11 - ROMP polymer synthesis 
Representative procedure for the ROMP of p-BTBT1,2, and 3:   
 
 
To a solution of 2-octyl-7-(11-(cis-5-norbornene-endo-2,3-dicarboxylicimide)undecane) 
[1]benzothienopheno [3,2-b]benzothienophene (100 mg, 0.150 mmol) and 
bicyclo[2.2.1]hept-2-ene (5 eq, 70.5 mg, 0.748 mmol/ 7.5 eq, 106 mg, 1.123 mmol/ 10 eq, 
141 mg, 1.497 mmol)  in dry, de-gassed (Ar), chlorobenzene (2 ml), stirring at 1000 rmp 
under argon at 0 °C, was rapidly injected dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-
imidasolidinylidene](benzylidene)bis(3-bromopyridine)ruthenium(II) (3.97 mg, 4.49 µmol) 
in chlorobenzene  (0.1 mL). The mixture was allowed to stir for 30 min. The polymerisation 
was irreversibly terminated by the addition of ethyl vinyl ether (1 mL), and the volatiles were 
removed under vacuum using a rotary evaporator. The polymer was precipitated twice from 
CH2Cl2 (10 mL) with pentane (10 mL) and washed with hot methanol via Soxhlet extraction, 
and finally dried under vacuum to yield a white polymer. 
p-BTBT-1: 40 mg (23.5 %), GPC : Mn = 1.3 x 10
4
 g mol
-1
/ Mw = 4.9 x 10
4
 g mol
-1
, mp = 110 
˚
C. 
p-BTBT-2: 84 mg (41.6 %), GPC : Mn = 9.7 x 10
3
 g mol
-1
/ Mw = 6.1 x 10
4
 g mol
-1
, mp = 90 
˚C. 
p-BTBT-3: 79 mg (32.8 %), GPC : Mn = 8.6 x 10
3
 g mol
-1
/ Mw = 4.4 x 10
4
 g mol
-1
, mp = 80 
˚C. 
115 
 
 
 
 
 
 
 
 
 
 
116 
 
Representative procedure for the ROMP of p-BTBT4 and 5:   
 
 
To a solution of 2-octyl-7-(11-(cis-5-norbornene-endo-2,3-dicarboxylicimide)undecane) 
[1]benzothienopheno [3,2-b]benzothienophene (100 mg, 0.150 mmol) and 1-decyl(cis-5-
norbornene-endo-2,3-dicarboxylic) (1 eq, 45.4 mg, 0.15 mmol / 2 eq, 91 mg, 0.30 mmol)  in 
dry, de-gassed (Ar), chlorobenzene (2 ml), stirring at 1000 rmp under argon at 0 °C, was 
rapidly injected dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-imidasolidinylidene] 
(benzylidene)bis(3-bromopyridine)ruthenium(II) (3.97 mg, 4.49 µmol) in chlorobenzene  (0.1 
mL). The mixture was allowed to stir for 30 min. The polymerisation was irreversibly 
terminated by the addition of ethyl vinyl ether (1 mL), and the volatiles were removed under 
vacuum using a rotary evaporator. The polymer was precipitated twice from CH2Cl2 (10 mL) 
with pentane (10 mL) and washed with hot methanol via Soxhlet extraction, and finally dried 
under vacuum to yield a white polymer. 
p-BTBT4: 55 mg (36.8 %), GPC : Mn = 6.9 x 10
4
 g mol
-1
/ Mw = 8.9 x 10
4
 g mol
-1
, mp = 72 
˚
C. 
p-BTBT5: 107 mg (56.1 %), GPC : Mn = 1.04 x 10
5
 g mol
-1
/ Mw = 1.6 x 10
5
 g mol
-1
, mp = 62 
˚
C. 
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4 - Polymer Analysis. 
 
Analyses of polymers from chapters 2 and 3 have been presented together in this chapter to 
keep the relevant data together. 
 
4.1 - Absorbance Spectroscopy. 
 
Intermolecular interactions between adjacent molecules in solution (THF) and pristine solid 
state (thin film via drop casting) were compared utilising ultraviolet and visible spectroscopic 
(UV-Vis) analysis.  For the quaterthiophene ROMP polymers, it was discovered that the 
absorption peaks of the materials in thin films were blue-shifted relative to those in solution 
with a typical λmax of 405 nm in solution and 365 nm in thin film (Figure 4.1).  This result 
could be explained by parallel, H-aggregation of the pendant groups, as the excitonic energy 
state increases as the molecular dipoles get closer producing a forbidden lower-energy band 
and an allowed higher-energy band.  Solution spectra of BTBT ROMP polymers displayed a 
λmax of 322 nm with a slight red shift of 3 nm and a broadening of the signal in the drop cast 
thin film.  This red shift is typical for head-to-tail, J-aggregation of the BTBT pendants with 
larger dipole vectors [73-75]. 
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Figure 4.1 – UV-Vis of ROMP polymers. 
 
4.2 - Thermal Analysis. 
 
Differential Scanning Calorimetry (DSC) analysis was run on all ROMP polymers containing 
the BTBT and 4T pendants to determine ideal annealing conditions.  After the removal of the 
thermal history with a heating cycle (-25 ˚C to 200 ˚C, 10 ˚C min-1 / TA Instruments DSC 
Q1000), ROMP quaterthiophene materials were observed with melting points ranging from 
112 ˚C to 135 ˚C. There was correlation between increased pendant separation and reduced 
melting point, with p-4T-1, 2, 3, 4 and 5 with melting points of 135, 132, 126, 120 and 112 
˚C respectively compared to DH4T‟s 180 ˚C [76] and polynorbornene‟s 37 ˚C.  Similar 
analysis was performed on ROMP BTBT materials with all polymers displaying melting 
points from 62 to 110 ˚C, compared to C8-BTBT‟s 126 ˚C [62].  The correlation of pendant 
separation to melting point of the 4T materials is also found here with p-BTBT-1, 2, 3, 4 and 
5 having values of 110, 90, 80, 72 and 62 ˚C respectively.  It is hypothesis that the increase 
distance between pendant groups reduces their interaction and high energy, uniform packing.  
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Figure 4.2 – DSC of ROMP polymers. 
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4.3 – Transistor Devices. 
 
Due to time constraints, only four materials were able to be tested for transistor 
characteristics.  A cross-section of polymers was chosen: two of each pendant, each with one 
alkyl pendant and one extended backbone polymer.  Polymers p-4T-2, p-4T-5, p-BTBT-3, 
and p-BTBT-5 were selected as they had the highest yields for materials that met the criteria. 
The device and film analysis were carried out by David T. James in the physics department. 
 
The polymers were dissolved in 10 mg/ml chlorobenzene for 2h at 60 ˚C then spin-coated 
from hot solutions at 1000 rpm for 60 seconds.  The films were annealed for 20 minutes at 
100 ˚C for 4T polymers and 60 ˚C for BTBT polymers.  A quarts Spectrosil substrate was 
used to allow for spectroscopic analysis of substrates which had been previously cleaned for 
10 min in acetone then isopropanol in an ultrasonic bath, followed by an oxygen plasma 
treatment (10 min, 250 W).  The device architecture comprised of a bottom gate, bottom 
contact (BGBT) configuration with gold source/drain contacts of 2 mm width and varying 
lengths of 20, 10, 5, and 2.5µm.  The gold contacts and substrate channel were treated with 
pentafluorobenzenethiol (PFBT) and phenethyltrichlorosilane SAMs respectively (Figure 
4.3). 
The four polymers were tested in their pristine and annealed state, achieved by heating the 
device for 20 minutes at 100 ˚C.  The effect of annealing upon the 4T materials resulted in a 
λmax of 400 nm indicated a loss of H-aggregation while the BTBT polymers showed no 
discernable difference in UV-Vis spectra.  All 4 polymers were spin-coated onto OTFT 
substrates, but only one of the materials, p-4T-2, gave any transistor characteristics. The rest 
had small drain currents with no field effect.  
 
The varied channel lengths and annealing had a significant effect on p-4T-2‟s measured field-
effect characteristics. Transfer characteristics were measured in pristine and annealed 
polymer with a constant drain potential (Vd) of -10 V (linear) and -40 V (saturation), and a 
varied gate potential (Vg) from 0 to -80 V in -1 V steps.  Plotting the results of annealing 
shows improved transfer characteristics producing: higher ON-currents, a more stable 
threshold voltage and steeper sub-threshold slope (Figure 4.4). 
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Figure 4.3 – Deposited polymers. 
 
 
Figure 4.4 – Transfer characteristics of pristine and annealed p-4T-2 with various channel lengths: 
Black - 20 µm, Green - 10 μm, Red - 5 μm and Blue – 2.5 μm. 
 
The threshold voltage (V0) was extrapolated from the graphs and saturation mobility (μ) 
calculated, using rearranged Equation 1, with the results tabulated in Figure 4.5.  The affect 
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of annealing shows a slight decrease on the threshold voltage compared to pristine, with an 
average V0 of -25.1 Vpristine and -23.7 Vannealed.  The mobility of the materials shows a similar 
result with an average annealed μsat. of 1.7 E
-03
 cm
2
/Vs, and a highest value of 2.7 E
-03
 cm
2
/Vs 
for a channel length of 5 μm, double the average annealed mobility of 8.1 E-04 cm2/Vs. 
 
 
Channel Length 
(µm) 
Threshold Voltage (V0) Sat. Mobility (μ = cm
2
/Vs) 
pristine annealed pristine annealed 
20 -26.6 
 
1.29E-04 
 20 -26.4 -20.3 8.20E-05 3.25E-04 
20 -28.4 -19.5 1.65E-04 2.13E-04 
20 
 
-25.5 
 
1.47E-04 
10 -30.2 -22.0 2.90E-04 7.82E-04 
10 
 
-24.2 
 
9.04E-04 
10 -30.7 -25.6 4.61E-04 8.60E-04 
10 
 
-22.1 
 
7.52E-04 
5 -25.8 -23.5 7.71E-04 1.90E-03 
5 
 
-22.8 
 
2.49E-03 
5 -22.4 -21.6 1.22E-03 2.68E-03 
5 
 
-24.6 
 
2.61E-03 
2.5 
 
-27.1 
 
1.75E-03 
2.5 -17.4 -26.6 1.77E-03 2.58E-03 
2.5 
 
-24.0 
 
3.95E-03 
2.5 -17.6 -26.0 2.36E-03 3.19E-03 
 
Figure 4.5 – Table of electrical properties for p-4T-2. 
 
Conclusions are difficult to draw from this incomplete data; p-4T-2 displays a mobility 
comparable to devices of DH4T while p-4T-5, p-BTBT-3 and p-BTBT-5 gave no working 
transistors.  The successful transistor results from p-4T-2 could be attributed to the low 
aliphatic to aromatic mass ratio of the polymer, with proton NMR analysis showing four 
norbornene co-monomers, facilitated sufficient pendant interaction to allow charge transport 
through the material.  The three other polymers had a larger aliphatic to aromatic ratio that 
could prevent the pendants interconnecting to create a charge transport route between the 
electrodes.  Tests of the other materials is required to observe if polymers with similar 
aliphatic to aromatic ratios to p-4T-2, such as p-4T-1, p-BTBT-1, 2 and 4, display transistor 
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properties with further work needed to refine the optimum ratio with the synthesis of new 
materials.  
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5 - Pentacene Materials. 
5.1 Introduction. 
 
Linear acene molecules consist of fused, aromatic six-membered rings and have been widely 
studied as semiconductors with high performance for OFETs.  Field effect mobilities for five 
membered ring acene, pentacene, in published devices are typically 3 cm
2
V
-1
s
-1
 for thin films 
[77] and 35 cm
2
V
-1
s
-1
 in single crystals [78], at ambient temperature.  Although pentacene 
has, what can be described as, fantastic electrical properties there are some issues with its 
morphology, stability and processability that have so far prevented its widespread use.  
 
  
 
The solid state crystal structure of pentacene shows an edge-to-face „herringbone‟ packing 
along the a-b plane (Figure 5.1) with a triclinic lattice structure of a = 7.78 Å, b = 6.27 Å and 
c = 16.01 Å [79].  The unit cell comprises of two non-equivalent molecules with different 
longitudinal orientations, tilted by 22.1° and 20.3° with respect to the surface normal and 
interaction between adjacent molecules on the c plane are minimal [80].  This sub-optimal 
morphology results in two-dimensional charge transport characteristics, two inequivalent 
molecules within the layers resulting in differing HOMO and LUMOs, and a poor dispersion 
of the electronic bands due to minimal π-orbital stacking [81].   
 
 
Figure 5.2 – Oxidation of pentacene. 
 
Figure 5.1: Pentacene (above) and a 
schematic diagram of one plane of a 
pentacene crystal (left) [4]. 
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Stability is an issue for devices based on pentacene as the 6 and 13 positions are highly 
susceptible to oxidation forming the pentacenequinone (Figure 5.2).  Although 
pentacenequinone does not act as a trapping centre due to its lower HOMO compared to 
pentacene, it is larger with two protruding, inclined ketone groups and non-planar as the 
middle ring has a flattened-chair conformation.  This induces local deformations by distorting 
the pentacene lattice locally, changing the molecular density, reducing orbital overlap and 
consequently charge transport [82].   
 
Processing of pentacene is hindered significantly by its ridged, planar.  Its lack of solubility 
in volatile, non-toxic solvents prevents simple purification and high-throughput deposition.  
Pentacenequinone is typically removed via sublimation at 430 K, leaving behind purified 
pentacene, two to three times to ensure a high level of purity.  Pentacene single crystals were 
obtained using physical vapour transport under a stream of ultrapure argon, while thin films 
are made using thermal evaporation.  This is a slow, costly process that makes pentacene 
unlikely to replace traditional inorganic semiconductors. 
 
 
Figure 5.3 – Processable pentacene pre-cursor. 
 
Some strategies have been developed in an attempt to make pentacene more stable and 
processable.  One potential method to improve the solubility is to include labile functional 
groups at the 6 and 13 positions that can be easily removed in situ to disrupt the planar nature 
of the molecule and add solubilising functionality.  The first example of this strategy is the 
use of cyclohexadiene-bridged molecules (Figure 5.3) that are highly soluble in common 
organic solvents, such as CH2Cl2 and toluene, and can be easily converted to pentacene [83].  
Devices made with these molecules achieve mobilities of 0.2 cm
2
V
-1
s
-1
 with temperatures as 
low as 180 ˚C being required to convert the molecules to pentacene and remove the 
tetrahalobenzene.  The synthesis of this material, however, was low yielding and required 
difficult and costly conditions, such as lithiation, palladium catalysts and high pressure, and 
the device performance was considerably lower than vacuum-deposited pentacene so an 
alternative was therefore required.   
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Figure 5.4 - Processable pentacene pre-cursor. 
 
A one-step synthetic approach from pentacene was developed using an efficient Lewis acid- 
catalysed Diels-Alder reaction with N-sulfinylbutylcarbamate (Figure 5.4) to produce a 
molecule soluble in DCM or THF (R = methyl), or iso-propanol (R = butyl)[84, 85]. Devices 
were made by spin-coating on the substrate, dried at 100 ˚C for 1 min and annealed at 120–
150 ˚C to reverse the Diels-Alder reaction to produce mobilities of 0.8 cm2V-1s-1.  Although 
this strategy circumvents the processing problems with a respectable mobility, it does not 
address the oxidation and morphology issues of pentacene.    
 
Directed functionalisation of the 6 and 13 positions of the pentacene using acetylene disrupts 
edge-to-face interactions and protects them from oxidation, while having a minimal effect on 
the electrical properties. Aliphatic groups at the ends of the alkynes improved the solubility, 
influenced the amount of  -overlap between acenes and the rigidity of the alkyne holds them 
well away from the aromatic core.  The best result of a library of aliphatic groups was 6,13-
(bis-triisopropylsilylethynyl) pentacene (TIPS pentacene) (Figure 5.5) [86, 87]. 
 
    
 
Figure 5.5 – TIPS-pentacene structure and morphology. 
 
TIPS pentacene stacks in a two dimensional brick-like array with significant face-to-face π-
orbital overlap of the pentacene rings in adjacent molecules. The morphology is the result of 
an ideally matched sise of the TIPS „ball‟, 7 Å, and the length of the pentacene, 14 Å, 
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allowing two TIPS units to occupy the same in-plane area as one pentacene unit.  This 
arrangement prevents the pentacene edges form clashing as they sit face-to-face and results in 
an interplanar spacing of 3.47 Å between the aromatic rings, compared to 6.27 Å of 
unsubstituted pentacene.  Devices made from this stable, solution processable, self-
assembling molecule have mobilities of up to 1.8 cm
2
V
-1
s
-1
 [88] and are the current bench-
mark for small molecule, transistor materials. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 - (TES-ADT top, TES-FADT bottom) structure and morphology. 
 
Triethylsilylethynyl anthradithiophenes (TES ADT) (Figure 5.6) were developed as 
variations of TIPS pentacene by substitution of thiophene for the „terminal‟ benzene rings, as 
an inseparable mixture of syn- and anti-isomers, without significantly altering the basic 
molecular geometry [89].   The 2D, brick-like morphology is retained in TES ADT except for 
a decrease in π-face separation to 3.25 Å and a mobility of 1.0 cm2V-1s-1 in solvent-vapour 
annealed devices [90].  Fluorination of the 2-positions of the thiophenes (TES FADT) was 
included to increase photo and thermal stability and the intramolecular fluorine interactions 
greatly increased the rate of crystallisation.  This allowed for the utilisation of simpler, spin-
coating device fabrication to produce mobilities of 1.5 cm
2
V
-1
s
-1 
[91]. 
 
Despite the improved processing and stability properties, TIPS pentacene and its analogues 
have  directionally anisotropic carrier mobility along the 2D crystal grain with no opportunity 
to change grains (Figure 5.7).  The serendipitous nature crystal growth can result in a device 
where there is no charge carrier route between the source and drain if the orientation of the 
2D crystal does not connect them [92].  Several processing techniques have been attempted to 
ensure the desirable orientation, such as shearing [93] and substrate tilting [94], but no 
synthetic techniques have thus far been successful.  Also, TIPS pentacene‟s high solubility in 
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many organic solvents makes device manufacturing via printing difficult due to diffusion 
between neighbouring layers.  
 
 
Figure 5.7 – Morphology of TIPS-pentacene crystal layers.  
 
In this chapter the attempts to synthesise asymmetric, functionalised pentacenes and 
anthradithiophenes to create new morphologies, find synthetic solutions to crystal orientation 
and increase solvent orthogonality through novel small molecules, pendant polymers and self 
assembled monolayers will be reported. 
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5.2 – Synthesis. 
 
Asymmetric TIPS pentacene analogues contain only one triisopropylsilyl group, while the 
other alkyne has various alternative solubilising groups or a functional group for further 
reactions (Figure 5.8).  They are synthesised via reducing the product of an activated alkyne, 
subsequent reaction with 6‟(triisopropylsilylethynyl)-6-hydroxy-13-pentacenequinone, which 
in turn is made by reacting triisopropylsilylacetylene with 6,13-pentacenequinone.   
 
 
Figure 5.8 – Retrosynthesis of asymmetric pentacenes. 
 
The aldol-condensation of phthalaldehyde and 1,4-cyclohexanedione produced 6,13-
pentacenequinone [95] quickly, with a simple preparation and work-up, in near quantitative 
yields (Figure 5.9).  The small loss in material was attributed to transferring between vessels 
due to insolubility.  
 
 
 
Figure 5.9 – Synthesis of 6,13-pentacenequinone. 
 
 
Lithiation of triisopropylsilylacetylene at 0 ˚C, then addition into a suspension 6,13-
pentacenequinone produced 6‟(triisopropylsilylethynyl)-6-hydroxy-13-pentacenequinone 
(Figure 5.10) [96].  The literature procedure states a ratio of 1:1 alkyne and pentacenequinone 
but repetition of these conditions created more bis-alkynated side product than expected that 
was difficult to remove via the described recrystallisation.  The ratio was changed to 0.6:1 
alkyne and pentacenequinone respectively and no side product formed, while the excess 
pentacenequinone was easily removed via filtration.  These altered conditions allowed for a 
simpler work up with good yields. 
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Figure 5.10 – Synthesis of 6‟(triisopropylsilylethynyl)-6-hydroxy-13-pentacenequinone. 
 
Triethylsilylacetylene was selected as the second alkyne producing 
6(triisopropylsilylethynyl)-13(triethylsilylethynyl)-pentacene (TIPS TES pentacene) to gain 
experience on the handling and chemistry to investigate the effect of a slight change in the 
solubilising group on the morphology (Figure 5.11).  Its addition used similar conditions to 
the first alkyne, the only difference being a larger amount added due to the presence of the 
alcohol group and to ensure starting material consumption.  Tin(II) chloride dihydrate and 
water are added, without workup, for the reduction of the alcohols on the central ring to 
produce a dark blue, crystalline solid.  Optimised from the original TIPS pentacene synthesis, 
that included 10% hydrochloric acid and no longer protected from the atmosphere [86], the 
tin reagent was added in three equivalents with oxygen purged water ensuring the reaction 
remained under an argon atmosphere.  Literature procedures for asymmetric pentacenes 
isolate the di-alcohol intermediate before the reduction [96] but had no effect on the yield in 
this example, while adding a workup step, so was not included in this synthesis. 
 
 
Figure 5.11 – Synthesis of 6(triisopropylsilylethynyl)-13(triethylsilylethynyl)-pentacene. 
 
Asymmetric anthradithiophene, 1,1'difluoro-5-(triisopropylsilylacetylene)-11(triethylsilyl) 
acetylene-anthra[2,3b:6,7b']dithiophene (TIPS TES FADT) was synthesised via the same 
procedure, and for the same reasons, as TIPS TES pentacene using 1,1'-difluoro 
anthra[2,3b:6,7b‟]dithiophene-5,11-dione as starting material (Figure - 5.12).  
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Triisopropylsilylacetylene was added, creating the 1,1'-difluoro anthra[2,3b:6,7b']dithiophene 
-5'(triisopropylsilylacetylene)-5-hydroxy-11-one intermediate, followed by 
triethylsilylacetylene and reduction to TIPS TES FADT as red-orange, needle-like crystals.  
This was a poor yielding reaction but it was consistent with the literature for fluorinated 
anthradithiophenes [91].  
 
 
Figure 5.12 – Synthesis of TIPS TES FADT. 
 
Functionality on one alkyne is required to attach groups for polymerisation or reacting with 
the substrate.  4-Ethynylanisole was selected, with the intention of demethylation to produce 
a reactive alcohol, due to the methoxy protecting group‟s stability under the acidic conditions 
generated by the reduction and it being cheap and readily available.  Synthesis of 
6(triisopropylsilylethynyl)-13-(4-ethynylanisole)-pentacene (TIPS anisole pentacene) 
followed the same procedures as TIPS TES pentacene to give a dark blue, crystalline solid 
(Figure 5.13). 
  
 
Figure 5.13 – Synthesis of TIPS anisole pentacene. 
 
Deprotection of the anisole was attempted using a variety of conditions and reagents 
including Lewis acid boron tribromide [97], the weaker boron trifluoride etherate and 
alkylthiol [98], L-Selectride [99] and sodium thiomethoxide [100] (Figure 5.14).  Despite 
several attempts at this reaction all produced an unisolatable, unidentifiable, green side 
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product and was abandoned.  It is suspected that the Lewis acids reacted with the aromatic 
rings instead of the methoxy group and that the pentacene is not stable to strong nucleophiles.  
 
 
 
 
Figure 5.14 – Attempted demethylation reactions. 
 
A different protecting group was needed that was stable to alkyl lithiums and the acidic 
conditions generated by the reduction, but removed in conditions mild enough to not destroy 
the pentacene.  t-Butyldimethylsilyl (TBDMS) was selected due to literature president [101] 
and, despite it being labile in acids of > pH4, the reduction does not generate enough 
hydrochloric acid for it to be removed.  4-Ethynylbenzyl alcohol was a suitable alkyne that 
provided a second functionality and was reacted with t-butyldimethylchlorosilane to produce 
4-ethynylbenzyl t-butyldimethyloxysilane quantitatively (Figure 5.15).  This was then reacted 
under the same conditions as TIPS TES pentacene to produce 6(triisopropylsilylethynyl)-13-
(4-ethynylbenzyl t-butyldimethyloxysilane)-pentacene in a fair yield.  The TBDMS group 
was removed following 1 hour of stirring with a small amount of 1M hydrochloric acid to 
give 6(triisopropylsilylethynyl)-13-(4-ethynylbenzylalcohol)-pentacene after a simple work 
up. 
 
Reagent Temp (˚C) Eq Time (h) Solvent 
BBr3 -40 0.33 2.5 DCM 
BBr3 -40 1.5 2.5 DCM 
BBr3 -78 1.5 1 DCM 
BF3.(C2H5)2O rt 4 24 ethanedithiol 
BF3.(C2H5)2O 0 2 6 ethanedithiol 
L-Selectride 50 2 8 THF 
L-Selectride 0 2 8 THF 
NaOMe 100 2.5 1 DMF 
NaOMe rt 2.5 12 DMF 
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Figure 5.15 – Synthesis of 6(triisopropylsilylethynyl)-13-(4-ethynylbenzylalcohol)-pentacene. 
 
The alcohol group provides a handle for the attachment of self-assembled monolayer and 
polymerisation functionality.  First attempts to utilise the alcohol were via Sn2 elimination of 
alkyl halides.  2-(6-Chlorohexyloxy)tetrahydropyran was selected to provide a spacer chain 
between the pentacene and potential polymerisable groups (Figure 5.16).  These would attach 
to the alcohol once the tetrahydropyran (THP) protecting group had been removed. Similarly, 
diethyl-12-bromododecylphosphonate was reacted with the pentacene-alcohol for a SAM 
material.  Several basic conditions were used to activate the alcohol but all reactions 
produced an unknown green side product, it is thought that the pentacene is unstable in the 
presence of nucleophile generated in this reaction or reacted with the phosphate.   
 
 
 
Figure 5.16 – Attempted alkylation of pentacene alcohol with alkyl bromide. 
 
Reagent Base Temp (˚C) Time (h) Solvent 
ClC6H12OTHP K2CO3 rt 16 DMF:THF / 1:1 
BrC12H24PO(OEt)2 K2CO3 rt 16 DMF:THF / 1:1 
ClC6H12OTHP DIPEA 0 16 MeCN 
BrC12H24PO(OEt)2 DIPEA 0 16 MeCN 
ClC6H12OTHP DIPEA, KI 0 16 MeCN 
BrC12H24PO(OEt)2 DIPEA, KI 0 16 MeCN 
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The six carbon chain spacer was attempted to be attached before the pentacene reduction by 
reacting 4-ethynylbenzyl alcohol with 2-(6-chlorohexyloxy)tetrahydropyran, using sodium 
hydride as base, to produce 4-ethynylbenzyloxy(hexyl-6-oxytetrahydropyran) (Figure 5.17).  
This was then used in the same procedure as TIPS TES pentacene synthesis but failed to yield 
any product.  Although crude NMR and TLC analysis suggested that the product had formed 
the material degraded during work-up, visibly changing from deep blue to green as the 
solvent was concentrated.  Many different techniques were used to concentrate the solvent 
such as: using the rotovap under an argon atmosphere, in the dark at various temperatures and 
„blowing‟ off the solvent with argon but none were successful.  It is not understood why the 
material degraded but it is assumed it is inherently unstable. 
 
 
 
Figure 5.17 – Synthesis of asymmetric alkyl-TIPS-pentacene. 
 
Esterification of the pentacene-alcohol with carboxylic acids, using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCl) as the coupling reagent, 
allowed for milder reaction conditions.  Diethyl-11-carboxyundecylphosphonate was coupled 
to the pentacene-alcohol with EDC.HCl to produce 6-(triisopropylsilylethynyl)-13-(4-
ethynylbenzyl(11-(diethoxyphosphoryl)undecanoate))-pentacene (pentacene SAM) (Figure 
5.18).  Rather than concentrate the solvent, the material was precipitated out of solution by 
the addition of methanol, then filtered and purified to produce a deep blue putty, similar in 
consistency to blue-tack.  Despite the successful isolation of the material and its careful 
storage in a cold, inert atmosphere the pentacene SAM was unstable and began degrading to 
the unknown, green material within 24 hours.  Further purification removed the green 
material, as it remained on the base-line of silica-gel, but degradation continued in the newly 
purified material.   
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Figure 5.18 - Synthesis of TIPS-pentacene SAM. 
 
In order to make a more manageable consistency and decrease the instability caused by the 
large aliphatic groups some terminal alkynes were coupled to the pentacene-alcohol to create 
a click-chemistry small molecule.  The alkynes can react via a Huisgen 1,3-dipole 
cycloaddition with an aside, pre-applied on a SAM or on a polymer, to form a triasole linker.  
4-Pentynoic acid and propiolic acid were coupled with EDC.HCl to the pentacene-alcohol, 
similarly to previous pentacenes, crude NMR and TLC analysis indicated that the product had 
formed but degraded quickly upon work up, even by precipitation with methanol, to produce 
an unknown green material.  It is suspected that the high energy, terminal alkynes react with 
the 5 and 14 positions of pentacene in a Diels-Alder reaction as TIPS pentacene is known to 
react with itself at these positions when exposed to light [102]. 
 
 
 
Figure 5.20 – Pentacene „click‟ molecule. 
 
Attempts to make a TIPS pentacene analogue suitable for polymerisations and SAMs was 
unsuccessful.  It is theorised that a significant factor of TIPS pentacene‟s stability is that the 
brick-like morphology encapsulates the pentacene core, protecting it from oxidisation, and 
the instability of the target molecules with large aliphatic groups is attributed to a disruption 
of this packing. This line of research was abandoned and analysis focused on the TIPS TES 
pentacene and TIPS TES FADT. 
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5.3 - Structure and Morphology. 
 
The analysis of TIPS TES pentacene indicate it is largely an amorphous solid with areas of 
crystallinity.  Structural analysis was carried out by Dr Andrew White of the chemistry 
department.  Crystals that were suitable for X-ray diffraction studies form very dark blue 
needles and possess a triclinic, P-1 space group symmetry with dimensions; a = 12.70 Å, b = 
12.81 Å, c = 13.59 Å, α = 75.69°, β = 62.25°, γ = 66.14° (Figure 5.21).  Analysis shows that 
there is disorder in the SiR3 end groups. At the TIPS end the major orientation (drawn with 
dark bonds) is ca. 86% occupancy, and the minor orientation (drawn with open bonds) is ca. 
14% occupancy. At the TES end the major orientation (drawn with dark bonds) is ca. 91% 
occupancy, and the minor orientation (drawn with open bonds) is ca. 9% occupancy.  An 
important point of note is that there is no sign of any TIPS/TES swapping within the unit cell. 
              
 
 
Figure 5.21 – X-ray crystal structure of TIPS TES pentacene 
 
The intermolecular morphology shows a linear, face-to-face, slip-stack of pentacenes with 
alternating TIPS/TES groups resulting in a 1D line of molecules (Figure 5.22. a + b).  No 
edge-to-edge molecular packing is observed between pentacenes in the same plane, this is 
due to the reduced volume of the TES groups (6.6 Å) in alternating pairs with TIPS groups 
(7.5 Å) creating insufficient space for neighbouring pentacenes (14 Å) to sit side by side.  
Within the 1D slip-stack there are two alternating, π-stacking orientations throughout the 
morphology (Figure 5.22. c + d).  One has a greater face-to-face overlap and a large distance 
between the layers, 3.450 Å, and the other has a very small overlap yet a narrower distance, 
3.417 Å, between stacks. 
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Thin film studies were undertaken to determine the best deposition technique and substrate 
for TIPS TES pentacene using atomic force microscopy (AFM) and Raman spectroscopy, 
carried out by David T. James of the physics department.  Using a 10 mg/ml solution in 
toluene, TIPS TES pentacene drop-cast on a quarts film produced the expected, varied 
morphology across the surface of the substrate similar to TIPS pentacene drop-cast films 
(Figure 5.23). 
 
 Centre: amorphous  Periphery: spherulite  Edges: crystalline 
   
 
Figure 5.23 – Drop-cast TIPS TES pentacene morphology across the substrate. 
 
d. 
a
. 
b. 
c. 
Figure 5.22 – a: Morphology of TIPS/TES pentacene showing 1D line. b: Graphic of a explaining 
alternating TIPS (purple), TES (green) orientation with respect to pentacene (blue).  c: Stripped, top-
view crystal structure with different slip-stacks.  d: Distances between different slip-stacks. 
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Spin-coated TIPS TES pentacene on quarts is observed to be much more uniform at low 
magnification than the drop-cast film, while closer inspection reveals a more complex 
microstructure (Figure 5.24 a + b).  The spin-coated film on silicon appears uniform from 
afar however there are poorly-connected domains and an amorphous-like structure at higher 
resolution (Figure 5.24 c + d).   
 
   
 
   
 
Figure 5.24 – a & b. Spin-coated on quarts, c & d. Spin-coated on silicon. 
 
UV-Vis absorption spectra were taken to offer an insight into the optical transitions in the 
quarts drop-cast and spin-coated films (Figure 5.25).  The slight red-shift of the spin-coated 
sample, relative to the drop-cast sample, corresponds with the visual results as an increased 
wavelength is indicative of a crystalline morphology due to a narrowing of the band gap due 
to π-π interactions.  The red-shift is significantly smaller than TIPS pentacene further 
demonstrating that TIPS TES pentacene doesn‟t have a comparable level of crystallinity.   
 
a. 
100 μm 
b
. 
d
. 
c
. 
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Figure 5.25 – UV-Vis of drop cast and spin coated TIPS TES pentacene compared to TIPS pentacene. 
 
The spin-coated film on quarts looked most likely to give an interconnected morphology and 
was further analysed with Raman spectroscopy and Atomic Force Microscopy (AFM).  The 
Raman spectra were acquired using a Renishaw inVia Raman microscope taken at 785nm 
excitation, away from the absorption peaks to minimise phospholuminescent contamination, 
and a 10 second exposure time (Figure 5.26).  Raman spectra were observed in the fingerprint 
region, although with weak peak intensities (a full explanation of the Raman peaks in the 
region 1000-2400cm
-1
 taken from quantum chemical calculation results can be found at the 
end of this document) and spectra were also invariant on rotation of the sample, indicating no 
preferential direction.  These points indicate that this sample is disordered. 
 
 
Figure 5.26 – Raman spectra of TIPS TES pentacene. 
 
fingerprint 
range (C-H, C-
C, C=C) 
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To look at this structure more closely, tapping-mode AFM scans were performed utilising a 
NT-MDT AFM system (Ntegra probe laboratory) (Figure 5.27). Sooming in to the 10um 
scale you can see that the quarts substrate has poor coverage, with bare quarts (a) and TIPS-
TES-Pentacene channels (b) running across the substrate.  A line-scan reveals the channels to 
be approximately 15nm thick in this region. 
 
 50um     10um   step height: ~15nm 
 
Figure 5.27 – AFM images of TIPS TES pentacene 
 
Both AFM and Raman spectroscopy indicate a poorly connected system of varying 
crystallinity.  These findings provide an explanation for the material‟s lack of mobility in 
TFT devices.  
TIPS TES FADT formed long crystals of orange, plate-like needles are by with monoclinic, 
C2/c space group with dimensions; a = 36.17 Å, b = 8.26 Å, c = 28.64 Å, α = 90.00°, β = 
123.31°, γ = 90.00° (Figure 5.28).  Structural analysis was carried out by Prof John Anthony 
of the University of Kentucky.  A highly disordered structure is observed due to the three 
potential isomers created during synthesis, with each thiophene ring having the sulfur 
distributed across the two available sites with occupancies of ca. 70:30 and 51:49 for the 
S5/S7' and S17/S15' orientations respectively.  Two orientations of TIPS and TES were 
identified with the occupancies being ca. 78:22 and 65:35 respectively, with the major 
occupancy orientation shown with open bonds, and the minor with dashed bonds.  As with 
TIPS TES pentacene, there is no sign of any TIPS/TES swapping within the unit cell, 
however with so much disorder it is not possible to be certain. 
 
a 
b 
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Figure 5.28 – X-ray structure of TIPS TES FADT. 
 
The intermolecular morphology displays an isolated slipped-stack of two TIPS TES FADTs, 
with alternating TIPS/TES interactions similar to TIPS TES pentacene for optimal π-
stacking, in a herring-bone motif (Figure 5.29).  Unlike unsubstituted pentacene, the fluorine 
ends of the FADT interact with the solubilising groups rather than the aromatic core.  This 
morphology produces a lack of extended π-stacking  providing no clear channel for charge 
transport and as a result the material did not perform well as a transistor material and was not 
further tested. 
 
            
Figure 5.29 Morphology of TIPS TES FADT. 
 
In conclusion, neither small molecule formed a suitable morphology capable of charge 
transport in an OFET device, further highlighting the sensitivity of the parent molecules to 
changes in their solubilising groups.  
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5.5 - Experimental 
5.4.1 - 6,13-Pentacenequinone 
 
 
 
Phthalaldehyde (7 g, 52.2 mmol) and 1,4-cyclohexanedione (2.93 g, 26.1 mmol) in a solution 
of ethanol (250 mL) were placed under a nitrogen atmosphere, stirred and heated to 50 ºC.  
When the solid had dissolved aq. KOH (73 mg, 1.3 mmol, 5 mL) was added slowly via 
syringe.  The initial drops cause a red colouration that eventually persists, followed by 
formation of a thick yellow precipitate. The RM was stirred for 1hour before the cooled 
slurry was vacuum filtered and the yellow solid collected on a Buchner funnel.  The yellow 
product cake was washed with ethanol (50 mL), water (50 mL), ethanol (50 mL), water (50 
mL), and methanol (50 mL). The material was dried at reduced pressure oven at 40 ºC 
overnight to give a yellow solid (7.67 g, 95%). 
1H NMR (400 MHz, CDCl3) 8.99 (s, 4H), 8.16 (dd, J = 6.1, 3.3 Hs, 4H), 7.76 (dd, J = 6.3, 
3.2 Hs, 4H).
 
 
13C NMR (101 MHz, CDCl3) 130.17, 129.86, 129.55. 
FT-IR (v/cm-1): 1673 (C=O), 1615, 1577, 1457, 1443, 1399, 1282 (CCO), 1192, 986, 962, 
942, 918. 
M.P. = 72 ºC. 
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5.4.2 - 6‟-(Triisopropylsilylethynyl)-6-hydroxy-13-pentacenequinone  
 
 
 
To a solution of triisopropylsilylacetylene (3 mL, 13.6 mmol) in dry THF (50 mL), under 
argon and cooled to 0 °C, was added dropwise butyl lithium (2.5 M in hexanes, 5.45 mL, 
13.6 mmol). The solution was allowed to stir for 10 min before being transferred slowly via 
cannula into a suspension of 6,13- pentacenequinone (7 g, 22.7 mmol) in dry THF (200 mL) 
at rt. The reaction mixture was stirred overnight. The reaction was quenched with ice water. 
The suspension was filtered and the solid was washed with 1:1 THF/water (50 mL), then 
THF (50 mL). This allowed for the recovery of the excess 6,13-pentacenequinone, which 
could be used in subsequent reactions after drying under high vacuum). The filtrate was 
collected into a round bottom flask and acidified with 2M HCl, and this mixture was 
extracted with DCM (2 x 100 mL), the organic phase was washed with sat. aq. NaCl (50 mL), 
dried (MgSO4), and the solvent removed in vacuo to obtain an orange solid residue. This 
solid was redissolved in boiling DCM (100 mL) and precipitated by adding hexanes and 
cooling. The beige coloured solid was collected by vacuum filtration and washed with 
hexanes. The solid was redissolved in acetone (50 mL) and filtered to remove traces of 
insoluble impurities. The solvent of the filtrate was removed in vacuo to afford 6‟-
(triisopropylsilylethynyl)-6-hydroxy-13-pentacenequinone (5.65 g, 85%) as a beige solid 
[51]. 
1
H NMR (400 MHz, CDCl3) δ 8.85 (s, 2H), 8.77 (s, 2H), 8.06 (d, J = 7.8, 2H), 7.97 (d, J = 
8.1, 2H), 7.67 (t, J = 7.0, 2H), 7.61 (t, J = 6.9, 2H), 3.10 (s, 1H), 1.21 (m, 21H). 
13
C NMR (101 MHz, CDCl3) δ 185.43, 138.68, 135.65, 132.87, 129.86, 129.76, 128.99, 
128.59, 128.30, 127.44, 127.35, 108.16, 90.26, 68.76, 18.73, 11.31.  
M.P. = 215 ºC. 
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5.4.3 – 6-(Triisopropylsilylethynyl)-13-(triethylsilylethynyl)-pentacene. 
 
To a solution of (triethylsilyl)acetylene (1.094 ml, 6.11 mmol) in dry, degassed THF (10 
mL), under an argon atmosphere and cooled to 0 °C, was added dropwise butyl lithium 2.5 M 
in hexane (2.445 ml, 6.11 mmol). The solution was allowed to stir for 15 min before being 
transferred via cannula into a solution of 6'-(triisopropylsilylethynyl)-6-hydroxy-13-
pentacenequinone (1g, 2.038 mmol) in dry, degassed THF (100 mL) under an argon 
atmosphere. The reaction mixture was allowed to stir at 0 °C for 1 min before removing the 
cooling bath and allowing the solution to warm up to room temperature and stirred for 1 hour.  
The reaction was quenched with the addition of deionised, degassed water (5 mL) via 
syringe.  Tin(II) dichloride dihydrate (1.159 g, 6.11 mmol) was added and stirred overnight.  
The reaction mixture was poured into water (200 mL) and extracted with DCM (2 x 100 mL). 
The organic phase was washed with sat. aq. NaCl (2 x 100 mL), dried (MgSO4), and 
concentrated in vacuo. The reaction mixture was purified via column chromatography (silica 
gel, 2:1 hexanes/DCM Rf = 0.4) to afford 6-(triisopropylsilylethynyl)-13-
(Triethylsilylethynyl)-pentacene (700mg, 1.174 mmol, 57.6 % yield) as a deep blue solid. 
1H NMR (400 MHz, CDCl3) δ 9.34 (s, 2H), 9.30 (s, 2H), 8.02 (ddd, J = 10.0, 6.7, 3.1 Hs, 
4H), 7.45 (dq, J = 6.3, 3.1 Hs, 4H), 1.45 - 1.38 (m, 21H), 1.34 (t, J = 7.9 Hs, 9H), 0.99 (q, J = 
7.9 Hs, 6H). 
13C NMR (101 MHz, CDCl3) δ 132.30, 130.62, 130.56, 128.70, 126.35, 126.25, 126.04, 
125.78, 125.47, 118.50, 118.14, 108.14, 107.25, 105.70, 105.04, 19.02, 11.71, 7.91, 5.82. 
MS (ESI): m/z 596.3391. 
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Table 1. Crystal data and structure refinement for IM1002. 
Identification code   IM1002 
Formula     C41 H48 Si2 
Formula weight    596.97 
Temperature    173 K 
Diffractometer, wavelength  OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group  Triclinic, P-1 
Unit cell dimensions   a = 12.6975(8) Å α = 75.690(5)° 
     b = 12.8100(8) Å β = 62.252(6)° 
     c = 13.5887(7) Å γ = 66.142(6)° 
Volume, S    1781.1(2) Å3, 2 
Density (calculated)   1.113 Mg/m3 
Absorption coefficient   1.084 mm-1 
F(000)     644 
Crystal colour / morphology  Very dark blue needles 
Crystal sise    0.18 x 0.09 x 0.07 mm3 
θ range for data collection   3.69 to 72.47° 
Index ranges    -15<=h<=15, -15<=k<=15, -16<=l<=16 
Reflns collected / unique   12908 / 6805 [R(int) = 0.0399] 
Reflns observed [F>4 σ (F)]  4572 
Absorption correction Analytical 
Max. and min. transmission  0.935 and 0.878 
Refinement method   Full-matrix least-squares on F2 
Data / restraints / parameters  6805 / 357 / 450 
Goodness-of-fit on F2   0.943 
Final R indices [F>4σ(F)]   R1 = 0.0660, wR2 = 0.1729 
R indices (all data)   R1 = 0.0884, wR2 = 0.1847 
Largest diff. peak, hole   0.654, -0.253 eÅ-3 
Mean and maximum shift/error  0.000 and 0.000 
151 
 
5.4.4 - 1,1'-Difluoro anthra[2,3-b:6,7-b']dithiophene-5'(triisopropylsilylacetylene)-5-hydroxy-
11-one 
 
To a solution of triisopropylsilylacetylene (0.409 ml, 1.824 mmol) in dry THF (50 mL) 
cooled to -78 °C was added dropwise butyl lithium 2.5 M in hexane (0.673 ml, 1.684 mmol) . 
The solution was allowed to stir for 10 min before being transferred slowly via cannula into a 
suspension of 1,1'-difluoro anthra[2,3-b:6,7-b']dithiophene-5'(triisopropylsilylacetylene)-5-
hydroxy-11-one (0.6 g, 1.114 mmol, 66.1 % yield) in dry THF (200 mL) at rt. The reaction 
mixture was stirred overnight. The reaction was quenched with ice water. The suspension 
was filtered and the solid was washed with 1:1 THF/water, then THF. This allowed for the 
recovery of the excess 6,13-pentacenequinone, which could be used in subsequent reactions 
after drying under high vacuum). The filtrate was collected into a round bottom and acidified 
with 2M HCl, and this mixture was extracted with DCM, the organic phase was washed with 
brine, dried (MgSO4), and the solvent removed in vacuo to obtain an orange solid residue. 
This solid was redissolved in boiling DCM and precipitated by adding hexanes and cooling. 
The peach colored solid was collected by vacuum filtration and washed with hexanes. The 
filtrate contains the bis-addition product. The solid was redissolved in acetone and filtered to 
remove traces of insoluble impurities. The solvent of the filtrate was removed in vacuo to 
afford 1,1'-difluoro anthra[2,3-b:6,7-b']dithiophene-5'(triisopropylsilylacetylene)-5-hydroxy-
11-one (0.6 g, 1.114 mmol, 66.1 % yield) as a beige solid. 
1H NMR (500 MHz, CDCl3) δ 8.48 (m, 2H), 8.42 (d, J = 6.7 Hs, 1H), 8.37 (d, J = 12.2 Hs, 
1H), 6.84 (d, J = 1.9 Hs, 1H), 6.77 (d, J = 7.1 Hs, 1H), 1.17 - 0.96 (m, 21H). 
13C NMR (126 MHz, CDCl3) δ 122.56 (t, J = 36.9 Hs), 103.88 (dd, J = 15.4, 12.2 Hs), 90.04 
(t, J = 6.5 Hs), 18.57 (s), 11.16 (s). 
MS (ESI): m/z 539 (M+), 521 (M+-OH) 
M.P. = 203 ºC. 
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5.4.5 - 1,1'-Difluoro-5(triisopropylsilylacetylene)-11-(triethylsilyl)acetylene-anthra[2,3-b:6,7-
b']dithiophene 
 
To a solution of (triethylsilyl)acetylene (0.513 ml, 2.87 mmol) in dry, degassed THF (10 
mL), under an argon atmosphere and cooled to 0 °C, was added dropwise butyl lithium 2.5 M 
in hexane (1.110 ml, 2.77 mmol). The solution was allowed to stir for 15 min before being 
transferred via cannula into a solution of 1,1'-difluoro anthra[2,3-b:6,7-b']dithiophene-
5'(triisopropylsilylacetylene)-5-hydroxy-11-one (0.5 g, 0.925 mmol) in dry, degassed THF 
(100 mL) under Ar atmosphere. The reaction mixture was allowed to stir at 0 °C for 1 min 
before removing the cooling bath and allowing the solution to warm up to rt and stirred for 1 
hour.  The reaction was quenched with the addition of deionised, degassed water (5 mL) via 
syringe.  Tin(II) dichloride dihydrate (0.701 g, 3.70 mmol) was added and stirred over night.  
Then reaction mixture was poured into water (100 mL) and extracted with DCM (2 x 50 mL). 
The organic phase was washed with sat. aq. NaCl (2 x 50 mL), dried (MgSO4), and 
concentrated in vacuo. The reaction mixture was purified via column chromatography (silica 
gel, hexanes Rf = 0.2) and recrystallised from hexane to afford 1,1'-difluoro -5-
(triisopropylsilylacetylene)-11-(triethylsilyl)acetylene-anthra[2,3-b:6,7-b']dithiophene (140 
mg, 0.217 mmol, 23.43 % yield) as red, crystaline needles. 
 
1
H NMR (400 MHz, CDCl3) δ 8.98 (2s, 2H), 8.91 (2s, 2H), 6.83 (2s, 2H), 1.41 - 1.29 (m, 
21H), 1.26 (t, J = 7.9 Hs, 9H), 0.94 (q, J = 7.8 Hs, 1H). 
13
C NMR (101 MHz, CDCl3) δ 165.81 (d, J = 298.3 Hs), 136.55 (t, J = 6.2 Hs), 133.84 (d, J 
= 6.2 Hs), 130.20 (d, J = 7.0 Hs), 129.99 (d, J = 5.9 Hs), 129.64 (dd, J = 7.8, 3.0 Hs), 129.44 
(dd, J = 6.2, 3.2 Hs), 120.71 (dd, J = 15.0, 9.2 Hs), 120.41 (d, J = 9.9 Hs), 116.89 (t, J = 32.8 
Hs), 106.86 (t, J = 21.1 Hs), 105.96 (t, J = 19.5 Hs), 103.60 (t, J = 12.7 Hs), 102.91 (t, J = 
15.0 Hs), 102.65 (d, J = 11.2 Hs), 18.90, 11.56, 7.78, 5.66. 
19
F NMR (377 MHz, CDCl3) δ -116.67 (s), -116.71 (s). 
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MS (ESI): m/z 646.2234 
MP: 158 °C. 
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Table 1. Crystal data and structure refinement for IM1005. 
 
Identification code   IM1004 
Formula    C37 H42 F2 S2 Si2 
Formula weight   645.01 
Temperature    173(2) K 
Diffractometer, wavelength  OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group  Monoclinic, C2/c 
Unit cell dimensions   a = 36.1683(17) Å α = 90° 
     b = 8.25720(19) Å β = 123.311(7)° 
     c = 28.6382(15) Å γ = 90° 
Volume, S    7147.6(8) Å3, 8 
Density (calculated)   1.199 Mg/m3 
Absorption coefficient  2.264 mm-1 
F(000)     2736 
Crystal colour / morphology  Orange platy needles 
Crystal sise    0.27 x 0.06 x 0.03 mm3 
θ range for data collection  2.92 to 72.51° 
Index ranges    -43<=h<=40, -10<=k<=7, -29<=l<=35 
Reflns collected / unique  13439 / 6760 [R(int) = 0.0327] 
Reflns observed [F>4σ(F)]  3433 
Absorption correction Analytical 
Max. and min. transmission  0.938 and 0.653 
Refinement method   Full-matrix least-squares on F2 
Data / restraints / parameters  6760 / 711 / 468 
Goodness-of-fit on F2   0.868 
Final R indices [F>4σ(F)]  R1 = 0.0611, wR2 = 0.1726 
R indices (all data)   R1 = 0.1057, wR2 = 0.1921 
Largest diff. peak, hole  0.416, -0.229 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
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5.4.6 – 6-(Triisopropylsilylethynyl)-13-(4-ethynylanisole)-pentacene 
 
 
To a solution of 4-ethynylanisole (0.396 ml, 3.06 mmol) in dry, degassed THF (10 mL), 
under an argon atmosphere and cooled to 0 °C, was added dropwise butyl lithium 2.5 M in 
hexane (1.223 ml, 3.06 mmol). The solution was allowed to stir for 15 min before being 
transferred via cannula into a solution of 6'-(triisopropylsilylethynyl)-6-hydroxy-13-
pentacenequinone (500 mg, 1.019 mmol) in dry, degassed THF (100 mL) under an argon 
atmosphere. The reaction mixture was allowed to stir at 0 °C for 1 min before removing the 
cooling bath and allowing the solution to warm up to room temperature and stirred for 1 hour.  
The reaction was quenched with the addition of deionised, degassed water (5 mL) via 
syringe.  Tin(II) chloride dihydrate (690mg, 3.06 mmol) was added and stirred over night.  
Then the reaction mixture was poured into water (200 mL) and extracted with DCM (2 x 100 
mL). The organic phase was washed with sat. aq. NaCl (2 x 100 mL), dried (MgSO4), and 
concentrated in vacuo. The reaction mixture was purified via column chromatography (silica 
gel, 2:1 hexanes/DCM Rf = 0.4) to afford 6(triisopropylsilylethynyl)-13-(4-ethynylanisole)-
pentacene (375mg, 0.637 mmol, 62.5 % yield) as a deep blue solid. 
1
H NMR (500 MHz, CDCl3) δ 9.30 (s, 2H), 9.25 (s, 2H), 8.04 (dd, J = 6.1, 3.1 Hs, 2H), 7.97 
(dd, J = 6.1, 3.1 Hs, 2H), 7.87 - 7.82 (m, 2H), 7.43 (t, J = 3.2 Hs, 1H), 7.41 (t, J = 3.2 Hs, 
1H), 7.09 - 7.04 (m, 2H), 3.94 (s, 3H), 1.48 - 1.35 (m, 21H). 
13
C NMR (126 MHz, CDCl3) δ 160.16, 133.32, 132.28, 132.12, 130.71, 130.08, 128.67, 
126.35, 126.06, 125.95, 125.91, 118.55, 117.79, 115.80, 115.36, 107.56, 106.87, 105.86, 
105.77, 86.84, 55.46, 19.01, 11.71. 
MS (ESI): m/z 588.2833  M.P. = 86 ºC. 
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5.4.7 - 4-Ethynylbenzyl t-butyldimethyloxysilane 
 
 
t-Butyldimethylchlorosilane (1 M in THF) (5.54 ml, 5.54 mmol) was added to a solution of 4-
ethynylbenzyl alcohol (0.5 g, 3.78 mmol) and imidasole (0.309 g, 5.54 mmol) in anhydrous 
DCM (100 mL) at room temperature and stirred under argon over night.  The reaction 
mixture was then poured into ice-water (200 mL) and extracted with dichloromethane (2 x 
100 mL). 
The organic layer was separated off and washed with saturated aq. sat. sodium bicarbonate (2 
x 100 mL) and water (100 mL), dried (MgSO4), concentrated in vacuo, and purified via 
column chromatography (silica gel, 15% ethyl acetate in hexane, Rf = 0.3) to produce 4-
ethynylbenzyl t-butyldimethyloxysilane (900mg, 3.25 mmol, 97 % yield) as a clear, 
colourless oil.  
1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.2 Hs, 2H),  7.31 (d, J = 8.4 Hs, 2H), 5.77 (s, 
2H), 3.08 (s, 1H), 1.05 - 0.90 (s, 9H), 0.19 - 0.06 (s, 6H). 
13C NMR (101 MHz, CDCl3) δ 142.37 (CCH2O), 132.05 (CHCC≡CH), 125.85 
(CHCCH2O), 120.48 (CC≡CH), 83.77 (CC≡CH), 65.59 (CH2O), 25.94 (3CH3), 18.41 (CSi), -
5.26 (2CH3). Terminal alkyne peak is hidden by solvent.  
FT-IR (v/cm-1): 3306 (C≡CH), 2959, 2935, 2890, 2869, 2161 (C≡CH), 1512, 1464, 1416, 
1381, 1368, 1258 (Si-C), 1213, 1089 (Si-OR), 1024, 1007, 942, 839((CH3)3), 821, 780, 670. 
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5.4.8 – 6-(Triisopropylsilylethynyl)-13-(4-ethynylbenzyl t-butyldimethyloxysilane)-
pentacene 
 
 
To a solution of 4-ethynylbenzyl t-butyldimethyloxysilane (753 mg, 3.06 mmol) in dry, 
degassed THF (10 mL), under an argon atmosphere and cooled to -78 °C, was added 
dropwise butyl lithium 2.5 M in hexane  (1.223 ml, 3.06 mmol). The solution was allowed to 
stir for 15 min before being transferred via cannula into a solution of 6'-
(triisopropylsilylethynyl)-6-hydroxy-13-pentacenequinone (500 mg, 1.019 mmol) in dry, 
degassed THF (100 mL) under an argon atmosphere. The reaction mixture was allowed to stir 
at -78 ºC for 1 min before removing the cooling bath and allowing the solution to warm up to 
room temperature and stirred for 1 hour.  The reaction was quenched with the addition of 
deionised, degassed water (5 mL) via syringe.  Tin(II) chloride dihydrate (3.06 mmol) was 
added and stirred overnight.  Then reaction mixture was poured into water (200 mL) and 
extracted with DCM (2 x 100 mL). The organic phase was washed with sat. aq. NaCl (2 x 
100 mL), dried (MgSO4), and concentrated in vacuo. The reaction mixture was purified via 
column chromatography (silica gel, hexane, Rf = 0.2) to afford 6-(triisopropylsilylethynyl)-
13-(4-ethynylbenzyl t-butyldimethyloxysilane)-pentacene (410 mg, 0.584 mmol, 57.5 % 
yield) as a deep blue solid. 
1H NMR (400 MHz, CDCl3) δ 9.12 (s, 2H), 8.98 (s, 2H), 7.96 (d, J = 8.0 Hs, 2H), 7.85 (d, J 
= 7.9 Hs, 2H), 7.79 (d, J = 8.1 Hs, 2H), 7.49 (d, J = 8.0 Hs, 2H), 7.45 - 7.35 (m, 4H), 5.89 (s, 
2H), 1.45 (s, 21H), 1.09 (s, 9H), 0.24 (s 6H). 
13C NMR (101 MHz, CDCl3) δ 142.22, 132.07, 131.96, 131.73, 130.42, 129.78, 128.67, 
126.22, 126.14, 125.81, 125.76, 125.66, 122.17, 117.97, 117.91, 106.54, 105.57, 87.60, 
68.01, 65.83, 26.05, 25.65, 19.10, 18.52, 11.79, -5.12. 
FT-IR (v/cm-1):  3051, 2943, 2933, 2898, 2863, 2123, 1511, 1463, 1379, 1254, 1209, 1070, 
1018, 994, 945, 875, 834, 813, 782, 733.  
MS (ESI): m/z - 702.3733 
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5.4.9 – 6-(Triisopropylsilylethynyl)-13-(4-ethynylbenzylalcohol)-pentacene. 
 
 
6-(Triisopropylsilylethynyl)-13-(4-ethynylbenzyl t-butyldimethyloxysilane)-pentacene (400 
mg, 0.569 mmol) was dissolved in degassed (Ar) DCM (50 ml).  Aqueous HCl (1M, 5 ml) 
was added and stirred for 1 hour, monitered by TLC until no starting material was present, 
and then methanol (100 mL) was addded to precipitate the product.  The precipitate was 
filtered, then washed with methanol (2 x 50 mL), and dried in vacuo to produce 6-
(triisopropylsilylethynyl)-13-(4-ethynylbenzylalcohol)-pentacene (300 mg, 0.509 mmol, 90 
% yield) as a deep blue solid. 
 
1H NMR (400 MHz, CDCl3) δ 9.27 (s, 2H), 9.20 (s, 2H), 8.04 - 7.99 (m, 2H), 7.99 - 7.93 (m, 
2H), 7.88 (d, J = 8.0 Hs, 2H), 7.52 (d, J = 8.1 Hs, 2H), 7.46 - 7.38 (m, 4H), 5.84 (s, 2H), 1.49 
- 1.26 (m, 21H). 
 
13C NMR (101 MHz, CDCl3) δ 141.51, 132.21, 132.14, 131.94, 130.56, 130.10, 128.68, 
128.63, 127.04, 126.38, 125.98, 125.90, 122.85, 118.30, 117.91, 107.11, 105.77, 105.29, 
88.03, 65.07, 19.04, 11.71. 
 
MS (EI): m/z 588.85 
 
FT-IR (v/cm-1):  3326, 3048, 2944, 2927, 2896, 2864, 2122, 1743, 1514, 1465, 1375, 1233, 
1205, 1136, 1070, 1018, 993, 872, 820, 733, 670. 
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5.4.10 - 4-Ethynylbenzyloxy(hexyl-6-oxytetrahydropyran) 
 
 
 
4-Ethynylbenzyl alcohol (5 g, 37.8 mmol) was added to a suspension of sodium hydride, 60% 
dispersion in mineral oil (2.270 g, 56.7 mmol) in anhydrous DMF (100 mL) at 0 ºC, stirred 
under argon. After 2 hours, 2-(6-chlorohexyloxy)tetrahydropyran (8.92 ml, 41.6 mmol) was 
added dropwise. This mixture was stirred overnight at room temperature, then quenched with 
water (50 mL), and extracted with ethyl acetate (2 x 50 mL).  The organic layer was washed 
with brine (2 x 50 mL) and water (5 mL), dried (MgSO4), and evaporated under reduced 
pressure. The residue was purified by column chromatography (silica gel, hexane: ethyl 
acetate / 3: 1, Rf  = 0.3) to afford 4-ethynylbenzyloxy(hexyl-6-oxytetrahydropyran) (9.3 g, 
29.4 mmol, 78 % yield) as a clear oil.  
 
1
H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.2, 2H), 7.31 (d, J = 8.3, 2H), 5.61 - 5.57 (m, 
1H), 5.51 (s, 2H), 3.88 (m, 1H), 3.75 (m, 1H), 3.50 (m, 3H), 3.40 (m, 1H), 3.08 (s, 1H), 1.90 - 
1.41 (m, 14H). 
13C NMR (101 MHz, CDCl3) δ 139.61, 132.15, 127.36, 121.12, 98.88, 83.61, 72.36, 70.59, 
67.57, 62.39, 30.79, 29.70, 26.12, 26.07, 25.50, 19.72. 
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5.4.11 - 6-(Triisopropylsilylethynyl)-13-(4-ethynylbenzyl(11-(diethoxyphosphoryl) 
undecanoate))-pentacene 
 
6-(Triisopropylsilylethynyl)-13-(4-ethynylbenzylalcohol)-pentacene (50 mg, 0.085 mmol), 
diethyl-11-carboxyundecylphosphonate (Sikemia Ltd) (30.1 mg, 0.093 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (19.53 mg, 0.102 mmol) and DMAP 
(1.037 mg, 8.49 µmol) were dissolved in degassed (Ar) DCM (10 mL).  The reaction mixture 
was stirred at 0 ºC and monitored by TLC for 2 hours until the starting material was 
consumed.    Water (5 mL) was added to quench the reaction and the reaction mixture was 
diluted with DCM (50 mL).  The organic layer was washed with sat. aq. Na2SO4 (50 mL), 
sat. aq. NH4Cl (50 mL), and brine (50 mL), and dried (MgSO4).  The material was 
precipitated out of the DCM with methanol, filtered, and washed with methanol, then purified 
via flash colomn chromatography (DCM, then 5% MeOH/DCM).  The product was again 
precipitated out of the DCM with methanol, filtered, and washed with methanol, then dried in 
vacuo to produce 6-(triisopropylsilylethynyl)-13-(4-ethynylbenzyl(11-
(diethoxyphosphoryl)undecanoate))-pentacene (60 mg, 0.067 mmol, 79 % yield) as a deep 
blue putty.  The product was very unstable and degraded after a few days despite storage at -
18 ºC and in an inert atmosphere. 
 
1H NMR (400 MHz, CDCl3) δ 9.29 (s, 2H), 9.21 (s, 2H), 8.03 (m, 2H), 7.96 (m, 2H), 7.89 
(d, J = 7.0 Hs, 2H), 7.53 (d, J = 8.0 Hs, 2H), 7.49 - 7.38 (m, 4H), 5.25 (s, 2H), 5.19 - 5.00 (m, 
4H), 2.45 (t, J = 7.5 Hs, 2H), 1.80 - 1.13 (m, 55H). 
13C NMR (101 MHz, CDCl3) δ 173.68, 136.80, 132.21, 131.92, 130.57, 130.15, 128.69, 
128.62, 128.37, 126.43, 126.02, 125.86, 123.46, 118.47, 117.75, 107.25, 105.72, 105.00, 
88.32, 65.70, 61.41, 61.35, 35.36, 30.71, 30.55, 29.42, 29.35, 29.26, 29.18, 29.11, 26.38, 
25.99, 22.39, 19.03, 16.52, 16.46, 11.70. 
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31P NMR (162 MHz, CDCl3) δ 32.66. 
MS (ESI): m/z 893.4745 
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6 – Summary. 
 
The synthesis of 4T pendant polymers was met with little success; it is suspected that the 
insolubility of the quaterthiophene pendant was the main contributing factor. Aggregation of 
the material during ROMP polymerisation, caused by a clumping of quaterthiophenes 
removed theses chains from the reaction, resulting in high polydispersity.  This aggregation 
hypothesis is supported by the results of the BTBT ROMP materials, which display high 
polydispersity when copolymerised with norbornene but low polydispersity with alkyl-
norbornene, disrupting BTBT interactions.  Grafting to polysiloxane also had difficulties due 
to solubility; the reaction relies upon easy access to the reactive sites on the polymer back-
bone, but as more pendants are grafted on these sites became blocked.  This is exacerbated by 
aggregation, removing unreacted sites from the reaction.  It has also been suggested that 
radical polymerisation is interfered with by large, electron-rich, aromatic groups which could 
explain the lack of success with ARTP and RAFT polymerisation.  I believe that 
quaterthiophene was the wrong choice of pendant for these types of material and its pursuit 
should have been abandoned earlier to focus on BTBT polymers with further optimisation of 
back-bone choice required for most suitable for transistor devices. 
 
The synthesis of asymmetric TIPS pentacene analogues was successful, with reproducible 
production of TIPS TES pentacene and TIPS TES FADT, but both produced unfavourable 
morphologies for charge transport.  Pentacene SAM materials proved to be unstable once the 
alkyl linker group was attached. The TIPS aryl alcohol pentacene precursor is sufficiently 
stable over a long period of time but after esterification with diethyl-11-
carboxyundecylphosphonate the product decomposed quickly, even under cold, inert 
conditions.  I hypothesise that stability of solid state TIPS pentacene is partly due to its 
crystalline morphology, reducing oxygen diffusion in the bulk.  The long alkyl chain could be 
such a disruption to the morphology that oxidation easily occurs.  I have shown that even the 
slightest deviation in the alkyl groups attached to pentacene has a significant, negative impact 
on the material‟s morphology, and thus performance, suggesting that such a strategy is not 
worth further pursuit.  TIPS pentacene SAM materials could be stable once a monolayer has 
been formed but production of a material/strategy capable of producing this monolayer has 
eluded this project.   
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